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 Beta-adrenergic agonists (β-AA) are widely used supplements in livestock 
production to improve feed efficiency and increase lean muscle mass. Heat stress is one 
of the largest economic burdens to the livestock industry due to production efficiency 
losses and morbidity and mortality of animals. Both β-AA and catecholamines released in 
response to heat stress bind to β-adrenoceptors on the skeletal muscle cell surface to 
activate downstream signaling pathways. The purpose of this study was to determine if β-
AA supplementation and heat stress have an additive effect on the skeletal muscle 
transcriptome. 3’ RNA sequencing of samples of the longissimus dorsi was performed to 
quantify gene expression and identify genes differentially expressed due to treatment. No 
additive effects were observed, but instead β-AA supplementation mediated the heat-
stress induced oxidative stress response in skeletal muscle. Therefore, the objective of the 
second study was to identify the influence of β-AA on mitochondrial function in skeletal 
muscle satellite cells of cattle, sheep, and pigs. Real-time measurements of oxygen 
consumption rates were recorded using intracellular flux analysis. Incubation of bovine 
cells with β-AA increased maximal respiration and spare respiratory capacity (P<0.05). 
No measures of mitochondrial function were altered by β-AA in ovine or porcine cells. 
  
 These findings indicate that β-AA improve the efficiency of bovine muscle stem cells in 
part by modifying mitochondrial function. 
 The third study identified genomic variation underlying a congenital facial 
deformity in Hereford cattle termed Mandibulofacial Dysostosis (MD). Affected calves 
shared hallmark features of a variably shortened and/or asymmetric lower mandible and 
bilateral skin tags caudal to the commissure of the lips.  Whole genome sequencing led to 
the discovery of a missense variant (Chr26 g. 14404993T>C) in CYP26C1 associated 
with MD. We postulate that this recessive missense mutation impacts the catalytic 
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CHAPTER 1: LITERATURE REVIEW 
 
 
Part I: Livestock Efficiency and Stress 
 
"-Adrenergic Agonist Introduction 
 
"-adrenergic cell signaling is initiated with the binding of epinephrine, 
norepinephrine, or an exogenous agonist to G-protein coupled "-adrenoceptors 
(Mersmann, 1998).  When bound, the Gs protein #-subunit activates adenylate cyclase, 
which converts ATP to 3',5'-cyclic adenosine monophosphate (cAMP) (Mersmann, 1998; 
Cairns and Borrani, 2015). This second messenger is responsible for signal transduction 
to multiple cAMP-dependent protein kinases (PKA) whose role is to phosphorylate target 
proteins (Cairns and Borrani, 2015); phosphorylation by PKA can either activate or 
repress these protein targets. An example of activation is phosphorylation of hormone 
sensitive lipase, which actives triacylglycerol degradation in adipocytes (Mersmann, 
1998). On the other hand, inactivation of acetyl-CoA carboxylase occurs by 
phosphorylation during long chain fatty acid biosynthesis (Mersmann, 1998). PKA can 
also regulate transcription by phosphorylating the cAMP response binding protein 
(CREB). This protein interacts with cAMP Response Element (CRE), a DNA sequence 
near the promoter of target genes to activate transcription (Mersmann, 1998). 
 There are three known subtypes of β-adrenoceptors (β-AR), the prevalence of 
which differs by tissue and among species (Mersmann, 1998). Cattle skeletal muscle has 
predominantly β2-AR, but β1-AR and a small portion of β3-AR are also present (Sillence 
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and Matthews, 1994). Alternatively, pig skeletal muscle has primarily the β1-AR subtype 
with a smaller number of β2-AR and an even smaller proportion of β3-AR (McNeel and 
Mersmann, 1999). Receptor subtype abundance has not been explicitly studied in sheep 
but trials in which sheep are supplemented with either a β1- or β2-AA have resulted in a 
more robust response to the β2-AA; sheep skeletal muscles are therefore presumed to 
have primarily the β2-AR subtype similar to cattle (Lopez-Carlos et al., 2011). β-AA that 
have been used as feed supplements in the livestock industry are able to bind to multiple 
receptor subtypes. Zilpaterol HCl (ZH) can bind both subtypes but has a greater affinity 
for the β2-AR (Verhoeckx et al., 2005). Ractopamine HCl (RAC) has a similar affinity 
for both the β1-AR and β2-AR (Mills, 2002).  
 
"-Adrenergic Agonist Cattle Production Outcomes 
 
 Supplementation of β-AA to livestock species improves multiple production 
outcomes. ZH has a significant effect on both live weight and hot carcass weight (Elam et 
al., 2009). A meta-analysis across 31 studies of ZH feeding trials identified that, on 
average, carcass weight and live weight are increased (15 kg and 8 kg respectively) in 
supplemented steers relative to non-supplemented controls (Lean et al., 2014). This 
difference can be attributed to ZH supplemented steers having a 1.7% higher dressing 
percentage on average (Lean et al., 2014). ZH supplementation alters both intramuscular 
and intermuscular fat deposition by decreasing 12th rib fat and decreasing marbling score 
(Lean et al., 2014). These changes in fat deposition decrease the percentage of carcasses 
with a Prime or Choice USDA quality grade in both ZH supplemented heifers and steers 
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(Elam et al., 2009; Rathmann et al., 2012). Still, ZH supplementation provides value for 
cattle selling on the grid because yield grades are decreased (Elam et al., 2009; Rathmann 
et al., 2012). Additionally, ZH adds value to beef carcasses because loin muscle area is 
increased (Elam et al., 2009). ZH supplementation also improves cattle performance 
before harvest. ZH supplemented heifers had increased average daily gain and decreased 
dry matter intake resulting in an improved gain to feed ratio between ZH supplemented 
heifers and controls (Montgomery et al., 2009; Rathmann et al., 2012). Similar studies in 
steers supplemented with ZH did not report a significant difference in dry matter intake, 
but did report significant changes in average daily gain and gain to feed ratio 
(Vasconcelos et al., 2008; Elam et al., 2009).  
Zilpaterol was approved by the FDA for use as a growth promoter in cattle in 
2006 (U.S. Food and Drug Administration (FDA), 2006). However, in the summer of 
2013 anecdotal evidence linked ZH supplementation to impairment of mobility in cattle 
upon arrival to harvest facilities (Thomson et al., 2015). A subsequent study evaluated 
steers under heat stress found no significant impact of ZH on animal mobility (Boyd et 
al., 2015). No subsequent studies have provided further evidence supporting the 
anecdotal mobility impairment (Marti et al., 2021). 
 Ractopamine, approved for use in cattle in 2003, has similar effects on cattle 
production traits as ZH but to a lesser magnitude (Lean et al., 2014). Multiple studies 
reported that RAC improved average daily gain and gain to feed ratio, increased hot 
carcass weight and loin muscle area, but did not change dressing percentage, fat 
thickness, and yield grade between controls and supplemented steers (Gruber et al., 2007; 
Winterholler et al., 2007). Another study found that RAC increased body weight, average 
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daily gain, feed efficiency, and hot carcass weight compared to controls. However, RAC 
did not influence carcass composition (Scramlin et al., 2010). In some cases, RAC 
supplementation induced changes in feed efficiency but did not influence carcass 
characteristics or body weight (Quinn et al., 2008). RAC continues to be fed as a 
supplement for feedlot cattle. 
 
"-Adrenergic Agonist Physiological Mechanisms 
 
 One mechanism by which β-AA increase loin muscle area in supplemented 
animals is by inducing muscle hypertrophy. In lambs, ZH supplementation increased 
cross-sectional muscle fiber areas compared to controls while the ratio of Type 1 and 
Type 2 fibers and the amount of MyHC-I and MyHC-II protein did not change (Barnes et 
al., 2019). There was no evidence of RAC induced muscle hypertrophy in these lambs 
(Barnes et al., 2019). There was also no change in the proportion of MyHC-I, MyHC-IIA, 
and MyHC-IIX fibers in ovariectomized beef heifers supplemented ZH (Hergenreder et 
al., 2017) The authors also reported that ZH supplementation decreased the amount and 
cross-sectional area of MyHC-1 fibers while increasing the amount and cross-sectional 
area of MyHC-IIX fibers (Hergenreder et al., 2017). Further, ZH supplementation and an 
estrogen and trenbolone acetate implant resulted in an additive effect on increased fiber 
cross-sectional area (Kellermeier et al., 2009). It is therefore well documented that ZH 
increases muscle hypertrophy by increasing cross-sectional area of some muscle fiber 
types with little change in the proportion of the fiber types. 
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 There are conflicting data regarding whether RAC supplementation increases the 
cross-sectional area of muscle fibers. Some studies found no difference in fiber cross-
sectional area when comparing RAC-supplemented animals and controls (Gonzalez et al., 
2010; Barnes et al., 2019). Others reported that RAC increased the Type I and Type IIA 
fiber cross-sectional area in cattle (Gonzalez et al., 2007) and Type IIX fiber cross- 
sectional area in pigs (Li et al., 2015). The effect on Type I fibers was additive in 
combination with trenbolone acetate plus estradiol implants (Gonzalez et al., 2008). 
These results indicate that increases in fiber cross-sectional area are likely not the only 
mechanism by which RAC increases carcass weight and loin muscle area.   
 Alternatively, muscle hypertrophy in RAC-supplemented animals may also be 
induced by an alteration in muscle protein synthesis rates. In cultured rat myotubes, RAC 
supplementation increased the muscle protein synthesis rate as indicated by greater 
myosin heavy chain protein than in controls. This effect was further amplified due to no 
changes in protein degradation between treatments (Anderson et al., 1990). Protein 
synthesis also plays a role in muscle hypertrophy of livestock animals. In finishing pigs, 
RAC supplementation resulted in increased fractional protein synthesis in the 
semitendinosus, longissimus dorsi, and biceps femoris muscles. Again, protein 
breakdown was similar between control and supplemented pigs. (Bergen et al., 1989; 
Adeola et al., 1992). These muscles result in high-value meat cuts, so hypertrophy adds 
retail value. No studies have reported the effects of RAC on protein synthesis rates in 
ruminants, but this mechanism is also plausible in these species. 
 Another possible mechanism of muscle hypertrophy is an increased rate of 
satellite cell proliferation, differentiation, and fusion with existing muscle fibers resulting 
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in a greater number of nuclei in the muscle (Gonzalez et al., 2007). There are variable 
results of the impact of β-AA on nuclei density in skeletal muscle, but multiple studies 
provide evidence that this is not the mechanism of action for muscle hypertrophy in β-AA 
supplemented animals. Decreased total nuclei density has been reported due to either ZH 
supplementation (Hergenreder et al., 2017) or RAC supplementation (Gonzalez et al., 
2008). Other studies reported no change in nuclei density (Gonzalez et al., 2007).  
 Beta-adrenergic agonists also influence cattle efficiency by altering cellular 
glucose oxidation. In one study, glucose oxidation increased by approximately 32% in 
ZH stimulated soleus muscle strips of Sprague-Dawley rats. This response was 
independent of insulin activity and glucose uptake, indicating greater metabolic 
efficiency of β2-AA treated muscle strips (Cadaret et al., 2017). Similarly, glucose 
oxidation rates were approximately 15% greater in muscle strips isolated from ZH 
supplemented lambs than non-supplemented animals (Barnes et al., 2019). Together these 
studies provide preliminary evidence for a mechanism by which β-AA improve cellular 
efficiency that could result in the production outcome of increased feed efficiency. 
 Ractopamine is only supplemented for the last 28 to 42 days of the cattle finishing 
phase (U.S. Food and Drug Administration (FDA), 2020). A physiological explanation 
underlying this rule is that overstimulation leads to β-AR desensitization (Waldo et al., 
1983; Lohse et al., 1990). One mechanism of desensitization is the internalization of the 
β-AR due to endocytosis leading to a reduced ability of the receptor to stimulate 
adenylate cyclase (Lefkowitz et al., 1983). Supporting this assertion, ZH increased the 
proportion of internalized β2-AR in beef heifers (Hergenreder et al., 2017). Further, 
supplementation increased β2-AR mRNA abundance in the skeletal muscle of heifers and 
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steers, potentially to replace internalized receptors (Sissom et al., 2007; Winterholler et 
al., 2007). However, increased receptor abundance is not consistently reported. RAC 
decreased both β1-AR and β2-AR mRNA abundance in Holstein steers (Walker et al., 
2007), decreased β2-AR mRNA abundance in pigs (Gunawan et al., 2007), and there was 
no effect of β-AA on β-AR abundance in beef heifers (Hergenreder et al., 2017). The 
timing of the maximal response has not been studied in ruminants, but pigs supplemented 
β-AA had a maximal growth response 7 to 10 days after supplementation was initiated, 
with the response decreasing to about zero within six weeks (Mills, 2002). 
Together these results provide evidence that feeding β-AA longer than the FDA 
recommendation would not provide additional benefit in cattle production outcomes. 
 The effects of β-AA on the muscle transcriptome vary across livestock species 
and supplement type. Since the adrenergic system is typically associated with the stress 
response, the whole blood transcriptome of cattle supplemented RAC was studied for 
evidence of systemic inflammation, but none was identified. However, genes involved in 
inflammatory pathways were upregulated including IFI35, TYROBP, and TP53INP1 
(Burrack et al., 2020). Alteration of the abundance of transcripts associated with the 
skeletal muscle stress response were also reported in RAC supplemented pigs (Brown et 
al., 2018), and RAC supplementation altered pathways associated with muscle 
metabolism in pigs (Brown et al., 2018). This may not be the case in ruminants because 
RA supplementation resulted in no differentially expressed (DE) genes in feedlot lambs 
(Kubik et al., 2018). These transcriptomic differences may indicate a cellular mechanism 
by which pigs have a greater phenotypic response to RAC than ruminants. Alternatively, 
ZH supplementation alters transcripts associated with muscle growth and metabolism in 
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ruminants. DE genes in feedlot lambs were associated with muscle hypertrophy and 
muscle oxidative metabolism (Kubik et al., 2018). In Holstein steers, RAC increased 
expression of IGF-1 in the longissimus dorsi muscle (Walker et al., 2007). These studies 
indicate that further research is warranted to identify how to transcriptome is altered by β-
AA supplementation; studies are particularly lacking in beef cattle. 
 
Mitochondrial Role in Livestock Efficiency 
 
 Increasing the efficiency of production is a way producers are working to improve 
the sustainability of the livestock industry. Feed efficiency is one measurable outcome 
producers seek to improve to enhance overall production efficiency. Multiple factors 
contribute to feed efficiency in livestock animals including feed intake, fermentation and 
digestion, postabsorptive metabolism, physical activity of the animal, and 
thermoregulation (Derno et al., 2019). Animal differences in feed efficiency can be 
described by differences in these basal factors, but also by variation in the animals’ 
physiological response to external factors including feed supplements or environmental 
stress. Mitochondria play an essential role in post-absorptive metabolism and therefore 
have been a focus of studies looking to optimize livestock production efficiency. 
 ATP production via oxidative phosphorylation (OXPHOS) is a system made up of 
over 85 proteins (Smeitink et al., 2001). Additional complexity is added when thirteen of 
these proteins are encoded by the maternally inherited mitochondrial genome and the 
others are encoded by the nuclear genome. The OXPHOS system contains 5 enzyme 
complexes (I-V) and two carriers of electrons (coenzyme Q and cytochrome c) whose 
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role is to produce ATP via the formation of a proton gradient across the inner 
mitochondrial membrane (Smeitink et al., 2001). Substrates are oxidized in the 
tricarboxylic acid cycle where NADH and FADH2 are produced (Salin et al., 2015). The 
role of the cofactors is to pass electrons on to the protein complexes of the electron 
transport chain. These complexes establish an electrochemical gradient across the inner 
mitochondrial membrane. This gradient is required for Complex V (ATP synthase) to 
produce cellular energy by phosphorylating ADP to ATP (Salin et al., 2015). 
 Mitochondria provide over 90% of cellular ATP, therefore animal performance is 
impacted by mitochondrial efficiency (Bottje and Carstens, 2009). Efficiency can be 
measured as the ratio of ATP generated per molecule of oxygen consumed. There is a 
significant amount of variation in this measure between individuals, populations, 
environments, and within a single individual over time (Salin et al., 2015). At a cellular 
level this variation is caused by substrate type at the beginning of oxidative 
phosphorylation, the efficiency of proton pumps located on the mitochondrial inner 
membrane, or uncoupling of the electron transport chain (ETC) from ATP production as 
a result of proton leak (Salin et al., 2015). Proton leak causes the most variation in 
mitochondrial efficiency. It has been estimated that mitochondrial proton leak is 
responsible for approximately 20% of the basal energy expenditure of an animal (Bottje 
and Carstens, 2009). Supporting the role of mitochondrial efficiency in production, beef 
steers with a low residual feed intake had greater coupling between the ETC and ATP 
production than steers with a high residual feed intake (Kolath et al., 2006). Poultry 
studies have also demonstrated that high growth efficiency birds had reduced proton leak 
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relative to less efficient animals (Toyomizu et al., 2011). These factors indicate that 
mitochondrial efficiency plays a crucial role in overall animal efficiency.  
 Multiple factors play a role in the coupling or uncoupling of oxygen consumption 
to ATP production. The primary environmental factor influencing mitochondrial 
efficiency of mammals is chronic cold stress where uncoupling results in increased heat 
production by the mitochondria as a mechanism to aid in thermoregulation (Salin et al., 
2015). Also, reduced feed intake often results in increased ATP generated per molecule 
of oxygen resulting in decreased oxygen consumption necessary to maintain homeostasis 
(Salin et al., 2015). To compensate for ATP expenditure during muscle contraction, 
mitochondria accelerate metabolic rate and ATP turnover. Cells respond in a similar 
manner when there is uncoupling of the electron transport chain and a decreased 
efficiency of respiration (Adhihetty et al., 2003). In poultry animals with high growth 
efficiency, there was less expression of proteins associated with uncoupling of oxygen 
consumption with ATP production in muscle mitochondria than less efficient animals 
(Toyomizu et al., 2011). These studies provide further evidence that mitochondrial 
function is essential to overall feed efficiency in livestock.  
 Given the effects mitochondrial efficiency plays in animal efficiency, one could 
assume that selection pressure over time would have resulted in maximal efficiency of 
the mitochondria. However, increasing ATP production per oxygen consumed also 
results in an increase in Reactive Oxygen Species (ROS) generation (Salin et al., 2015). 
ROS are any oxygen-containing reactive species, including superoxide and hydrogen 
peroxide (Li et al., 2016). ROS typically interact with antioxidants in the body and 
homeostasis is maintained, but when ROS production is greater than antioxidant 
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production, cells are in oxidative stress (Li et al., 2016). This type of cellular stress can 
lead to damage of lipids, proteins, and nucleic acids and can compromise overall cellular 
survival (Salin et al., 2015). ROS production in livestock species is linked to both 
biological factors such as diseases and external factors such as heat stress (Mujahid et al., 
2007; Celi, 2011), 
 Oxidative stress is detrimental to livestock feed efficiency. Low feed efficiency 
broilers had a greater amount of protein damage caused by ROS than higher feed 
efficiency animals indicating a greater amount of oxidative stress in the less feed efficient 
birds. The same effect was described in low feed efficiency steer muscle mitochondria 
(Bottje and Carstens, 2009). Additionally, a positive correlation between residual feed 
intake and ROS production in the mitochondria of pig muscle has been reported; more 
feed-efficient animals had less ROS in skeletal muscle (Grubbs et al., 2013). These 
studies provide evidence that decreased feed efficiency in livestock species can be 
attributed to mitochondrial dysfunction via ROS production, and increased feed 
efficiency can be attributed to improved metabolic function. 
 
Heat Stress Introduction 
 
 Heat stress, a greater heat load than capacity for heat dissipation (Bernabucci et 
al., 2010), is one of the largest economic burdens to the livestock industry due to 
production efficiency losses and morbidity and mortality of animals (St-Pierre et al., 
2003). When an animal is subjected to heat stress they have increased energy required for 
maintenance (Beede and Collier, 1986) and nutrients are diverted from protein synthesis 
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to thermoregulation (Ross et al., 2015). In addition to production deficits through a 
reduction in efficiency, heat-induced morbidity and mortality takes place when the body 
temperature rises approximately 3ºC to 4ºC (Bernabucci et al., 2010). Moderating the 
effects of heat stress is of high interest to improve livestock production efficiency and 
animal well-being. 
 
Heat Stress Cattle Production Outcomes 
 
 The most prominent production outcomes as a result of heat stress are decreased 
feed intake, increased water intake, increased respiration rate, and increased body 
temperature (Bernabucci et al., 2010). Cattle eat less when the ambient temperature is 
high as an adaptive mechanism to reduce metabolic heat production (Gonzalez-Rivas et 
al., 2020). This effect begins to take place in beef cattle when temperatures exceed 30ºC 
and 80% relative humidity (Bernabucci et al., 2010). Decreased feed intake is also 
detrimental to average daily gain and carcass weight in heat-stressed heifers (Mitlöhner et 
al., 2001),  results in decreased muscle mass in pigs (Ross et al., 2015), and decreased 
average daily gain, feed conversion ratio, and breast and thigh muscle weight of broilers 
compared to pair-fed controls (Zuo et al., 2015).  Another thermoregulatory response to 
heat stress is increased water intake. Some animals consume twice the amount of water 
during heat stress than they consume in thermoneutral conditions (Beede and Collier, 
1986). Additional water helps cool cattle by decreasing digestive tract temperature and 
through evaporative cooling via sweating and panting (Beede and Collier, 1986). Heat 
stress can also be detrimental to meat quality if it persists immediately prior to harvest. 
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Pre-harvest heat stress in cattle can lead to dark firm and dry meat because of low muscle 
glycogen reserves that result in high muscle pH. Feedlot cattle consuming diets with 
rapidly fermentable grains are the most susceptible to this outcome (Gonzalez-Rivas et 
al., 2020).  
 The physiological response to heat stress is not consistent over time and can be 
mediated in certain cases. There is evidence that the effect of heat stress on broilers is 
time-dependent. Chickens that were heat stressed for one week had reduced average daily 
gain and average daily feed intake relative to controls. After two weeks of heat stress, the 
groups were no longer significantly different in these measures indicating acclimation of 
the heat stressed birds to the environment (Wang et al., 2019). Additionally, providing 
cattle with shade mediates the negative effects of heat stress on animal performance and 
carcass characteristics (Mitlöhner et al., 2002). Sprinkler systems are also utilized to 
improve physiological indicators of stress in cattle (Marcillac-Embertson et al., 2009). 
For livestock such as pigs and poultry that are housed in barns, air treatment devices aid 
in heat stress mitigation (Vitt et al., 2017).  Overall, these results show that the 
detrimental impacts of heat stress on animal performance can be reduced with changes in 
an animal’s environment or with physiological adaptations to that environment. 
 
Physiological Mechanisms of Heat Stress 
 
 Traditionally, production losses due to heat stress have been attributed to reduced 
feed intake, but recent studies with pair fed animals have revealed additional 
physiological mechanisms that play a role in the production loss. These include 
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alterations in protein synthesis, muscle metabolism, inflammatory signaling, and 
mitochondrial function.   
 Alterations in protein synthesis have been reported in ruminants, pigs, and 
poultry. Broilers that were heat stressed for two weeks had altered body composition 
compared to controls with decreased protein gain and retention (Geraert et al., 1996). The 
underlying genomic cause of decreased protein synthesis in broilers was attributed to 
decreased expression of IGF-1, p70S6K, and PIK3; increased protein degradation was 
attributed to increased expression of the degradation-associated genes MuRF1 and 
MAFbx in breast muscle (Zuo et al., 2015). Decreased protein synthesis was also reported 
in gilts under 12-hour acute heat stress (Ganesan et al., 2018). Chronic heat stress in pigs 
also caused transcriptome changes in the longissimus dorsi muscle of pigs with reported 
downregulation of 11 genes important for muscle growth, structure, and function (Yue 
Hao et al., 2016). The same effect was reported in ruminants where hyperthermia resulted 
in decreased protein synthesis and increased muscle catabolism (Baumgard and Rhoads, 
2013). Together these results indicate that alterations in protein synthesis and 
maintenance in muscle is one physiological mechanism by which heat stress decreases 
muscle mass in livestock. 
  Heat stress negatively alters mitochondrial function by inducing mitochondrial 
damage (Ganesan et al., 2016). Gilts that underwent heat stress for 12 hours showed signs 
of increased oxidative stress in oxidative but not glycolytic muscle (Ganesan et al., 2017). 
However, the effects of oxidative stress in pig skeletal muscle may be limited to an acute 
response because another study reported signs of oxidative stress in oxidative muscle 
after one day of heat stress but not after three, and no changes in glycolytic muscle 
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(Montilla et al., 2014). A time-dependent response in ROS production due to heat stress 
was also reported in broilers where ROS was increased in skeletal muscle after one week, 
but after two weeks of heat stress ROS production did not differ between heat stressed 
birds and controls (Wang et al., 2019). Observations of oxidative stress in oxidative 
muscle but not glycolytic muscle is evidence that the ROS causing the oxidative damage 
originate from alterations in mitochondrial function (Ganesan et al., 2017). Chickens 
under acute heat stress had increased ROS in skeletal muscle mitochondria due to 
enhanced substrate oxidation (Mujahid et al., 2005; Mujahid et al., 2007). Another study 
in broilers found that ROS was increased at day 3, 5 and 9 of heat stress but returned to 
original levels by day 14. They concluded that the increase in ROS can be attributed to 
increased mitochondrial oxygen consumption during acute heat stress (Azad et al., 2010). 
Transcriptomic analysis of sheep skeletal muscle provides further evidence of an 
oxidative stress response given upregulation of genes related to this process (Kubik et al., 
2018). Further supporting the conclusion that heat stress induces oxidative stress in 
livestock skeletal muscle, supplementation of antioxidants to sheep mediated the negative 
impacts of heat stress induced ROS (Chauhan et al., 2014). These studies provide 
evidence that heat stress induces an acute increase in ROS production in skeletal muscle 
due to increases in mitochondrial function. 
 There is inconclusive evidence of the effect of heat stress on mitochondrial 
content in oxidative skeletal muscle. Mitochondrial content was increased in the 
oxidative skeletal muscle of heat stressed gilts (Ganesan et al., 2017) but was not altered 
in another gilt study (Volodina et al., 2017).  One plausible mechanism for increased 
mitochondrial content in heat stressed oxidative muscle is failure of the cell to remove 
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mitochondria that have been damaged by ROS with no alterations in mitochondrial 
biogenesis (Ganesan et al., 2017). This mechanism is supported by evidence that heat 
stress reduces autophagy and autophagosomal degradation of damaged mitochondria 
(Brownstein et al., 2017). 
 Heat stress induces inflammatory signaling in skeletal muscle but acts differently 
between oxidative and glycolytic fibers. In gilts, acute heat stress caused inflammatory 
signaling through the NF-kB pathway of oxidative muscle, but no signs of inflammation 
were present in glycolytic muscle (Ganesan et al., 2016). No signs of inflammatory 
signaling, however, were reported after 1 or 3 days of heat stress another set of gilts 
(Montilla et al., 2014). In sheep, heat stress increased the expression of NF-kB and TNF-
α, indicating dysregulation of the muscle inflammatory response, but the effect was also 
mitigated by the supplementation of an antioxidant (Chauhan et al., 2014). These data 
indicate that the timing and mechanism of the inflammatory response to heat stress in 
muscle are not fully understood. 
  
Physiological Outcomes of "-AA and Heat Stress Interactions 
  
 The adrenergic system is typically associated with the stress response. 
Epinephrine and norepinephrine regulate the animal’s physiological response to heat 
stress by increasing respiration rate, heart rate, body temperature, blood flow to the skin 
for thermoregulation, and muscle glycogenolysis while decreasing glycogenesis 
(Gonzalez-Rivas et al., 2020). β-AA supplementation is a vital strategy to increase 
livestock efficiency, however since β-AA bind to the same receptor as epinephrine and 
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norepinephrine on the cell surface, it is important to determine if any additive effects 
exist between these supplements and other additional stress sources. Multiple studies 
reported that β-AA supplemented livestock had decreased body temperatures compared 
to controls. This decreased body temperature was reported during heat stress although the 
ZH supplemented steers had increased respiration rates indicating that β-AA helped 
mediate the effect of the heat stress (Boyd et al., 2015). The decreased body temperature 
was also reported in ZH supplemented heifers that underwent an endocrine stress (Buntyn 
et al., 2016). A plausible mechanism for the decreased body temperature is that β-AA act 
as vasodilators (Dawes Matthew et al., 1997); β-AA supplemented animals may therefore 
more easily dissipate heat (Buntyn et al., 2016).  β-AA mediation of stress was also 
reported in ZH supplemented heifers due to decreased cortisol and epinephrine levels in 
the blood relative to non-supplemented controls after an endocrine stress challenge 
(Buntyn et al., 2016). This indicates a possible downregulation of aspects of the 
hypothalamic-pituitary-adrenal axis due to ZH supplementation.  
  
Part II: Molecular Regulation of Mandible Development 
 
 The proteome is cell type specific, resulting in differing biological functions of 
cells. A primary regulator of the specificity of proteins found in cells are transcription 
factors that function as promoters, enhancers, insulators, and silencers (Lee et al., 2012). 
Multiple transcription factors are associated with muscle growth and development 
(Ludolph and Konieczny, 1995). External stressors, such as heat stress, alter the profile of 
active transcription factors in muscle resulting in changes in the functional proteins 
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present in the cell (Xie et al., 2014). The abundance of cellular protein can also be altered 
by variants in the genome, which can alter transcription factor binding to DNA, resulting 
in changes in DNA transcription (Johnston et al., 2019). Additionally, loss of function 
variants in the exons of genes can result in dysfunctional proteins. Each of these 
mechanisms alter the proteome with the ability to disrupt essential components of cellular 
function. 
 Deleterious syndromes in livestock species can be attributed to variants inherited 
in a Mendelian manner. Over 250 Mendelian traits in cattle are reported in the Online 
Mendelian Inheritance in Animals database (https://omia.org/home). Often, deleterious 
syndromes in cattle are attributed to variants inherited in an autosomal recessive manner 
(Ciepłoch et al., 2017). Due to this inheritance pattern, clinical signs of disease may not 
appear for many generations after the causal mutation originates. However, artificial 
selection in livestock and the commonplace use of artificial insemination and embryo 
transfer can expedite widespread proliferation of a deleterious variant. The significant 
impact of a single deleterious variant in livestock can be exemplified by a recessively 
inherited mutation in APAF1, traced back to a Holstein bull born in 1962. The recessive 
genotype, detrimental to cow fertility, was estimated to have resulted in 525,000 
abortions costing the industry $420 million (Adams et al., 2016). In beef cattle, 
congenital abnormalities affect a wide range of tissues including the eyes, nervous 
system, skin, muscle, skeleton and blood (Ciepłoch et al., 2017). Genetic testing is a vital 
tool to avoid these detrimental phenotypes in livestock. For these tests to be developed, it 
is vital that producers report congenital abnormalities so that the inheritance pattern and 
genomic variants underlying the abnormality can be identified. 
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 Recessively inherited genetic variants also underly craniofacial defects in cattle. 
For instance, a frameshift in ZIC2 resulted in frontonasal dysplasia in a Limousin calf 
(Braun et al., 2021) and facial dysplasia syndrome in Holstein cattle was attributed to a 
dominantly inherited missense mutation in FGFR2 (Agerholm et al., 2017). Holstein 
cattle affected by hypotrichosis with anodontia have no, or deformed teeth, and 
significant hair loss. This condition has been attributed to an x-linked recessively 
inherited deletion in ED1 (Drögemüller et al., 2002). Additional congenital abnormalities 
resulting in cleft palate or short lower jaws have been reported in various cattle breeds, 
but molecular mechanisms underlying the conditions have not been elucidated (Gentile 
and Testoni, 2006). Therefore, the molecular regulation of mandible development in 
cattle is not fully understood. 
 The population of embryonic neural crest cells that eventually give rise to the 
muscles and bones of the face are referred to as cranial neural crest cells (CNCC). These 
cells originate in the neural tube then migrate to their destination in the cranial region of 
the developing embryo. Upon arrival, further subdivision into region-specific groups is 
regulated by gradients of multiple cellular signals including FGF, retinoic acid, and WNT 
(Williams and Bohnsack, 2019). Proliferation of CNCC gives rise to the pharyngeal 
arches (Parada and Chai, 2015). Further functional specification of CNCC in the first 
pharyngeal arch (PA-1) is regulated by the distal-less (Dlx) family of genes. Two of 
these, Dlx1 and Dlx2, are expressed in both the maxillary and mandibular process of PA-
1. Dlx5 and Dlx6 are expressed only in the mandibular process near the future fusion site 
of the mandible and maxilla. Finally, Dlx3 and Dlx4 are expressed in the most distal end 
of the mandibular process (Depew et al., 2005). Regulation of Dlx gene expression in 
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PA-1 is controlled by the Endothelin-1 (ET-1) signaling pathway (Gitton et al., 2010) 
where it activates expression of Dlx5 and Dlx6 (Vieux-Rochas et al., 2007; Williams and 
Bohnsack, 2019). CNCC in the maxillary prominence develop into the upper lip and 
maxilla while the mandibular prominence gives rise to the mandible and tongue (Parada 
and Chai, 2015). CNCC located in the mandibular process condense and organize into 
Meckel’s cartilage (MC). This cartilage extends from the fusion site of the mandible and 
maxilla to the middle ear (Parada and Chai, 2015). MC serves as a scaffold during 
intramembranous ossification of the mandible bone. The proximal end of MC forms the 
malleus and incus bones and the remaining portion of MC is degraded (Vieux-Rochas et 
al., 2007; Parada and Chai, 2015).  
 Retinoic acid (RA) is an active metabolite of vitamin A and is essential to normal 
development due to its role in transcriptional regulation of over 530 genes including 
those involved in CNCC migration and differentiation (Kedishvili, 2013; Williams and 
Bohnsack, 2019). Dysregulation of RA can cause a wide array of congenital 
abnormalities that are dependent on the spatial and temporal regulation of RA during 
development (Gitton et al., 2010; Kedishvili, 2013; Williams and Bohnsack, 2019). RA is 
a repressor of  ET-1. (Vieux-Rochas et al., 2007; Williams and Bohnsack, 2019). 
Decreased ET-1 expression results in decreased expression of DLX5 and DLX6, genes 
that regulate MC development (Vieux-Rochas et al., 2007). Since MC is transient, RA 
regulation of its formation is also highly time point specific. Embryo exposure to RA 
treatment at 9 somites results in alterations of MC development (Gitton et al., 2010). This 
is the time point when CNCC reach PA-1 (Vieux-Rochas et al., 2007). Excess RA during 
development has resulted in craniofacial abnormalities including microtia, cleft palate, 
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cleft lip, and micrognathia (Williams and Bohnsack, 2019). RA treatments in mice 
resulted in loss of the distal portion of MC (Vieux-Rochas et al., 2007).  
 A primary source of retinol in a cattle diet is from β-carotene in plants. Once in 
the small intestine β-carotene is cleaved into all-trans-retinaldehyde. This molecule is 
then further oxidized into all-trans-retinoic acid due to the enzymatic action of RALDH1, 
RALDH2, and RALDH3 (Williams and Bohnsack, 2019). RA is degraded by enzymes 
transcribed from another gene family including CYP26A1, CYP26B1, and CYP26C1 
(Kedishvili, 2013; Williams and Bohnsack, 2019). During embryo development, the 
CYP26 family enzymes are expressed in a spatially specific manner (Tahayato et al., 
2003). CYP26C1 is expressed in the maxillary and mandibular components of PA-1 when 
CNCC reach the region (Tahayato et al., 2003; Vieux-Rochas et al., 2007; Gitton et al., 
2010). Other CYP26 family genes are expressed thought the animal’s life but CYP26C1 
expression is restricted to embryonic development (Guengerich, 2015). CYP26C1 also 
expresses greater substrate specificity than other genes in the CYP26 family (Kedishvili, 
2013).  
 Congenital abnormalities in humans have been attributed to mutations in 
CYP26C1. A condition termed Focal Facial Dermal Dysplasia type 4 is specifically 
attributed to multiple different variants in CYP26C1. This condition is characterized by 
congenital scar-like lesions located near the fusion site of the mandibular and maxillary 
prominences. Affected individuals are typically otherwise considered developmentally 
normal (Slavotinek et al., 2013; Lee et al., 2018). CYP26C1 has also been implicated as a 
genetic modifier in idiopathic short stature (Montalbano et al., 2016).  
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 An understanding of the genomic regulation of development is vital for 
identifying variants underlying inherited abnormalities. Additionally, livestock models 
provide new avenues to study human disease due to more similar size and homology than 
other model organisms (Bassols et al., 2014). Progress in our understanding of the genes 
involved in inherited developmental abnormalities will aid in the prevention and 
treatment of these conditions in humans and livestock. 
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CHAPTER 2: TRANSCRIPTOME EFFECTS DUE TO "-ADRENERGIC AGONIST 





Heat stress is one of the largest economic burdens to the livestock industry due to 
production efficiency losses and morbidity and mortality of animals. In the beef industry 
alone, heat stress results in an estimated annual cost of $369 million (St-Pierre et al., 
2003). Heat stress causes a decrease in average daily gain and dry matter intake in cattle 
(Mitlöhner et al., 2001). This is in part due to an adaptive mechanism to reduce heat 
production during digestion (Basarab et al., 2003). Epinephrine and norepinephrine 
regulate the animal physiological response to heat stress in part by binding to β-AR to 
activate downstream signaling pathways (Gonzalez-Rivas et al., 2020). In skeletal 
muscle, heat stress decreases protein synthesis and increases muscle catabolism 
(Baumgard and Rhoads, 2013). Acute heat stress also results in oxidative stress in 
skeletal muscle due to increased reactive oxygen species production (Azad et al., 2010; 
Ganesan et al., 2017).  
β-adrenergic agonists (β-AA) are feed supplements commonly used in the 
livestock industry. The β1-AA Ractopamine (RAC) and β2-AA Zilpaterol HCl (ZH) 
improve cattle growth performance, carcass weight, and longissimus dorsi muscle area 
during the finishing phase (Elam et al., 2009; Lean et al., 2014). β-AA also change 
carcass composition by altering both intramuscular and intermuscular fat deposition. ZH 
supplementation decreases 12th rib fat and decreases marbling score (Lean et al., 2014). 
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These supplements induce skeletal muscle cellular signaling by binding to G-protein 
coupled β-adrenoceptors (β-AR). This activates the cAMP and Protein Kinase A 
signaling pathway that results in CREB regulation of gene transcription (Mersmann, 
1998). Downstream effects of these cellular signaling pathways are the physiological 
mechanisms underlying the production outcomes. β-AA have been reported to induce 
muscle hypertrophy by increasing the muscle fiber cross-sectional area and increasing 
muscle protein synthesis with no change in protein degradation (Bergen et al., 1989; 
Anderson et al., 1990; Hergenreder et al., 2017; Barnes et al., 2019). Feed efficiency is 
improved in part by improving the metabolic function of skeletal muscle (Cadaret et al., 
2017; Barnes et al., 2019).  
 The adrenergic system is typically associated with the stress response. Several 
studies have evaluated if β-AA alter physiological parameters associated with stress. In 
multiple instances, ZH supplemented cattle undergoing a stress challenge had decreased 
body temperatures relative to controls (Boyd et al., 2015; Buntyn et al., 2016). β-AA act 
as vasodilators (Dawes Matthew et al., 1997), so one mechanism of lower body 
temperature could be a greater ability of β-AA supplemented animals to dissipate heat 
(Buntyn et al., 2016). Additionally, in response to an endocrine challenge, ZH 
supplemented heifers also had lower cortisol and epinephrine levels in the blood relative 
to non-supplemented controls indicating a possible downregulation of the hypothalamic–
pituitary–adrenal axis due to ZH supplementation (Buntyn et al., 2016). To further 
evaluate the impact of β-AA on the stress response, researchers evaluated transcriptome 
changes; cattle supplemented RAC had little change in the whole blood transcriptome 
with no signs of systemic inflammation, but genes involved in inflammatory pathways 
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were upregulated including IFI35, TYROBP, and TP53INP1 (Burrack et al., 2020). A 
study of RAC supplementation in pigs also reported a transcriptional integrated stress 
response as well as pathways associated with muscle metabolism (Brown et al., 2018). 
 Since the catecholamines produced in response to heat stress and β-AA both 
activate β-AR, there are concerns about the use of β-AA during instances of other stress 
(Mersmann, 1998). The purpose of this study was to determine if β-AA supplementation 
has an additive effect on physiological parameters associated with heat stress. These data 
will help inform livestock production practices during environmental stress. 
 
Materials and Methods 
 
This study was approved by the Institutional Animal Care and Use Committee at 
the University of Nebraska-Lincoln, which is accredited by AAALAC International. Red 
Angus-based steers (260 ± 25 kg) were acclimated to individual tie stalls or pens for 5 
days prior to initiation of the trial. Steers were housed in either the control thermal neutral 
(TN; THI=68; n=11) or heat stress (HS; THI=73-85; n=12) conditions and supplemented 
with ZH (8.38 mg/kg DM/d; n=12) mixed at 1% in soybean meal as a carrier or only 
soybean meal (No Supplement; NS; n=11) in a 2x2 factorial. Heat stressed steers were 
fed ad libitum. Thermal neutral steers were pair-fed based on the previous day feed intake 
as a percentage of body weight of the heat stressed steers. Longissimus dorsi samples 
were collected via biopsy at days 3 and 10.  At the time of biopsy, 2-3 mL local 
anesthetic (2% Lidocaine HCl) was injected. Samples were collected through an 
approximately 2-inch incision made ~20 cm cranial of the pelvic bone then flash-frozen. 
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The second biopsy was collected from the opposite loin muscle as the first. The cattle 
were harvested on day 21 at the University of Arizona Food Products and Safety 
Laboratory. A third sample of longissimus dorsi was collected and flash frozen following 
evisceration and skinning. 
RNA from the longissimus dorsi muscle was isolated with the RNeasy Fibrous 
Tissue Mini Kit (Qiagen) following the manufacturer protocol. Quality of RNA was 
evaluated using an Agilent Bioanalyzer 2100 (Santa Clara, CA, USA). Muscle samples 
with RIN ≥ 6.7 (N=65) were sequenced using 100 bp, 3’ Tag-Seq reads at the Genomic 
Sequencing and Analysis Facility at the University of Texas at Austin to a targeted 
minimum depth of 5 million reads per sample. Reads were trimmed using TrimGalore 
and HTStream to set minimum read quality at 20 and minimum output read length at 35. 
Transcripts were quantified with STAR as annotated in Bos_taurus.ARS-UCD1.2.99 
(Dobin et al., 2013). 
Differential expression (DE) analyses were performed with DESeq2 (Love et al., 
2014) using a significance threshold False Discovery Rate of 0.05. Loci with 20 or more 
counts observed across all samples were kept for analysis. The model design included 
supplement, environment, and their interaction. Individual genes with an adjusted P-
value< 0.05 were considered DE. In order to identify outlier samples, a variance 
stabilizing transformation was conducted on the normalized count matrix then a heatmap 
was utilized to visualize the correlation of gene expression for each pairwise combination 
among samples (Kolde, 2012). An average correlation of 0.75 or lower was considered 
the outlier cutoff. Pathway analysis (Qiagen) was conducted on all loci with a raw 





The RNA had a mean RIN score of 9.08 ± 0.79. The average read depth was 
5,924,851 ±	955,188 reads per sample with 90.36% ±	0.04% uniquely mapped reads. 
There were 19,131 genes in the muscle data that had at least one read. After quality 
control and removal of lowly expressed loci 6,769 genes remained for analysis. 
 Four outlier samples were identified. They were highly correlated with one other 
(>0.9) but less correlated with the rest of the samples (<0.75). Statistical evaluation of 
genes related to fiber type (MYH1, MYH2, and MYH7) indicated that the outlier samples 
(representing animals in each treatment group at day 10 except the ZH, thermoneutral 
group) had significantly (Padj<0.001) lower expression for these genes than the rest of the 
samples. This potentially indicates a difference in muscle fiber type due to accidental 
sampling of an adjacent muscle. Following outlier removal, there was a minimum of 3 
and an average of 5.08 animals per treatment and time combination in the muscle data set 
(Table 1). 
In the muscle samples, 40 genes were differentially expressed (DE) due to 
supplement at day 10 and 6 genes were DE due to environment at day 21 (Table 2). There 
was little overlap of significant (Praw<0.05) genes across time points due to either 
environment or supplement (Figure 1 and 2). Ingenuity pathway analysis identified 113 
significant pathways in the muscle samples across all days and effects (Table 3).  The 
interaction between supplement and environment had 24 significant pathways across time 
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points. Heat stress resulted in the predicted dysregulation of 23 pathways in muscle. β-




This study provides some of the first evidence that heat stress and β-AA 
supplementation in cattle do not work additively to alter stress pathways and instead 
demonstrates that β-AA may mediate some of the impacts of stress in the skeletal muscle 
of beef cattle. Based on our stringent FDR cutoff and analysis, few loci were individually 
differentially expressed. Pathway exploration, however, provided insight into the 
mechanistic effects of the treatments. Muscle responded to both heat stress and β-AA 
supplementation, but the responses showed little overlap between tissues, and expectedly 
changed with time. The change over time is likely due in part to metabolic adaptation to 
heat stress or desensitization of β-AR due to chronic stimulation (Lohse et al., 1990).  
These data contribute to the growing body of work in livestock species demonstrating 
that β-AA supplementation acts to moderate some physiological and transcriptomic 
responses to heat stress.  
 
Heat Stress Alters Cellular Metabolism  
 
 Acute heat stress causes oxidative stress in oxidative skeletal muscle. In both pigs 
and broilers, reactive oxygen species production is increased in skeletal muscle following 
the inception of heat stress, indicating oxidative stress in the muscle (Ganesan et al., 
 29 
2017; Wang et al., 2019). A mechanism for increased ROS production is enhanced 
substrate oxidation in the mitochondria (Mujahid et al., 2005; Mujahid et al., 2007). This 
mechanism could be present in the steers of this study because oxidative phosphorylation, 
mitochondrial dysfunction, and fatty acid oxidation pathways are predicted to be 
dysregulated at day 3.  
 Adaptative mechanisms are activated in skeletal muscle to slow heat stress 
induced oxidative damage. One of the mechanisms by which cells adapt to heat stress is 
HIF-1 signaling. In this study, Hypoxia Inducible Factor 1 Subunit Alpha (HIF1A) was 
upregulated in the heat stressed steer skeletal muscle at day 21. Upregulation of HIF1A 
has also been reported in heat stressed gilts (Sanz Ferdez et al., 2015) and barrows (Y. 
Hao et al., 2016). This subunit is rapidly degraded during homeostasis but there is 
increased accumulation of this protein in response to hypoxia, heat stress, cytokines, 
ROS, and other stressors (Ely et al., 2014). During this cellular stress the alpha subunit 
binds to the constitutively expressed HIF1-β subunit to form the HIF-1 transcription 
factor that is responsible for regulation of target genes (Lundby et al., 2009). There are 
multiple potential causes of HIF-1 activation in the skeletal muscle of heat stressed 
animals in this study. During heat stress, sufficient oxygen is delivered to the muscle 
from blood (Montilla et al., 2014). Our group previously reported that lambs undergoing 
chronic heat stress were hyperoxic, with higher blood oxygen partial pressure than that of 
thermoneutral controls (Swanson et al., 2020). Yet, Montilla et al. (2014) proposed that 
during heat stress there is an impairment of the oxygen binding capacity of myoglobin-
bound iron leading to cellular hypoxia and an increased abundance of HIF1A (Montilla et 
al., 2014). Increases in ROS production and cytokines can also activate HIF1A. Prior 
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work by our group has reported increased plasma levels of the inflammatory cytokine 
TNF# in heat stressed lambs (Swanson et al., 2020).  
 HIF-1 activation leads to a variety of downstream changes that aid in acclimation 
to heat stress. A proposed downstream effect in heat stressed skeletal muscle is switching 
metabolism toward glycolysis by downregulating mitochondrial oxygen consumption 
(Papandreou et al., 2006; Baumgard and Rhoads, 2013). Our data did not indicate 
changes in glycolysis due to heat stress, but the oxidative phosphorylation, mitochondrial 
dysfunction, and fatty acid oxidation pathways dysregulated at day 3 due to heat stress 
were not predicted to be dysregulated at the other collection time points. Another 
downstream effect is upregulation of vascular endothelial growth factor (VEGF) to 
increase oxygen delivery to tissues (Ely et al., 2014). The VEGF signaling pathway was 
upregulated in the skeletal muscle of heat stressed steers at day 21 in this study, 
downregulated in muscle due to ZH supplementation at day 10, and unchanged due to the 
interaction between heat stress and ZH. All of these downstream changes indicate that 
HIF-1 activation led to cellular adaptation to heat stress in the skeletal muscle of steers in 
our study. Our data also provide evidence of acclimation to heat stress over time due to a 
decreased number of significant genes (Praw<0.05) due to environment across time points 
with day 3 having the highest number of significant genes and day 21 having the fewest. 
 β-AA mediated the oxidative stress response and downstream adaptive changes. 
Sirtuin signaling was upregulated in the skeletal muscle of ZH supplemented steers at day 
21. Sirtuins are a family of proteins that play a role in maintenance of homeostasis by 
regulating cellular metabolism; they have been implicated in the cellular stress response 
(Ye et al., 2016). Multiple sirtuin genes are inhibitors of HIF1A indicating that increased 
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sirtuin function could be one mechanism by which β-AA mediate the heat stress response 
(Nakagawa and Guarente, 2011). Our group previously reported that bovine satellite cells 
treated with β-AA have a more efficient response to the stress of an ATP-depleted 
environment than control cells attributed to increased mitochondrial capacity (Sieck et 
al., 2020). Our group has also reported increases in glucose oxidation rates in the muscle 
strips of lambs and rats supplemented ZH that was independent of insulin activity and 
glucose uptake (Cadaret et al., 2017; Barnes et al., 2019). These data indicate that β-AA 
induced improvements in metabolic efficiency may be another mechanism by which 
steers in the heat stress and β-AA treatment group displayed fewer signs of an oxidative 
stress response and downstream adaptive changes than their control diet counterparts. 
Further evidence that β-AA increase metabolic efficiency is in the upregulation of 
EEF1AKMT1 in the skeletal muscle of β-AA supplemented steers at day 10. This gene 
was also upregulated in the ceca of broilers with a low feed conversion ratio indicating 
that it plays a role in feed efficiency (Shah et al., 2019).  The interaction between β-AA, 
sirtuins, and heat stress on cellular oxygen levels and consumption warrants further 
investigation to more fully understand how β-AA mediate oxidative stress. 
 
β-AA Influence Muscle Growth and Metabolism 
 
 The mechanism by which β-AA supplementation induces muscle hypertrophy is 
not fully understood. Previous work by our group indicated that one way ZH induces 
muscle hypertrophy is by increasing fiber cross-sectional area (Barnes et al., 2019). 
Alternatively, RAC may induce muscle hypertrophy by increasing protein synthesis rates 
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(Bergen et al., 1989; Adeola et al., 1992). The genetic regulation of these outcomes has 
not been elucidated. One plausible mechanism for this outcome was reported in our data. 
OAZ1 was downregulated in the skeletal muscle of β-AA supplemented animals at day 
10. This gene is an inhibitor of ornithine decarboxylase (ODC), the rate limiting step of 
polyamaline synthesis (Lee and MacLean, 2011). Increased polyamaline levels are 
associated with increased β-AA induced skeletal muscle hypertrophy (Cepero et al., 
1998). In skeletal muscle at day 10, β-AA supplementation also resulted in 
downregulation of TENM4, a genetic marker of myoblast quiescence (Pietrosemoli et al., 
2017). However, previous studies have indicated that β-AA induced muscle hypertrophy 
is likely not due to increased muscle nuclei density (Gonzalez et al., 2008; Hergenreder et 
al., 2017). Therefore, it is likely that additional genes are involved in myoblast 
differentiation and proliferation in the skeletal muscle of β-AA supplemented animals. 
 The timing of β-AA induction of muscle hypertrophy is also not fully understood. 
β-AR become desensitized due to chronic stimulation (Lohse et al., 1990). Due to an 
increased desensitization over time, the maximal protein accretion response due to β-AA 
supplementation is reported 7 to 10 days after supplementation was initiated in pigs, with 
the response decreasing to about zero within six weeks (Mills, 2002). There was evidence 
of receptor desensitization in our data due to a decrease (Praw<0.05) in the number of 
genes transcribed across time points. 
 During β-adrenergic cell signaling the second messenger cAMP activates protein 
kinase A (PKA) to activate or repress target proteins (Mersmann, 1998). Some of these 
target proteins are members of the Rho family of GTPases. Eight pathways involving 
these GTPases were dysregulated in skeletal muscle of the ZH supplemented steers at 
 33 
days 10 and 21. One subfamily of these GTPases is RhoA (Bryan et al., 2005). Previous 
studies report that RhoA is involved in muscle hypertrophy, contraction, and myogenesis 
(Bryan et al., 2005; Møller et al., 2019). However, the role of the Rho family GTPases in 
β-AA induced cell signaling is unclear in our data due to variation in the directionality of 
the significant pathways and minimal evidence of altered downstream signaling 
outcomes. 
 Our study provides evidence that β-AA supplementation does not exacerbate the 
muscle transcriptome response to heat stress. Instead, supplementation mitigated the 
oxidative stress response due to heat stress in skeletal muscle. Optimizing cattle 
efficiency and upholding high standards of animal well-being are priorities of the beef 
industry. These data indicate that the use of β-AA is crucial to meeting these standards. 
Further, increasing our understanding of the molecular mechanisms of heat stress can 
lead to the development of novel mitigation strategies. 
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Table 1. Number of samples per treatment combination after outlier removal 
 
Treatment Day 3 Muscle Day 10 Muscle Day 21 Muscle 
Termal Neutral, Control Diet 6 4 5 
Heat Stress, Control Diet 5 5 6 
Termal Neutral, Zilpaterol 5 3 6 




Table 2. Differentially Expressed Loci 
 
Effect Day Gene ID Log Fold Change Padj 
Supplement 10 
MBNL1 1.989 0.002 
TCP1 -3.251 0.002 
LOC104974460 -2.724 0.004 
CLVS1 -2.278 0.007 
RPL9 -6.232 0.008 
EEF1AKMT1 -3.570 0.008 
LOC112443469 -4.383 0.018 
LOC112446352 -3.028 0.018 
KATNB1 -3.386 0.019 
LOC112448166 -3.340 0.022 
LOC112442208 -2.515 0.023 
MIR133C 2.98 0.023 
MYL2 2.289 0.023 
TENM4 -4.672 0.023 
GRHL2 -1.829 0.028 
CTNS -1.8 0.029 
LOC112446717 -2.16 0.029 
PRAP1 -2.758 0.029 
LOC101908535 -1.701 0.032 
NREP 1.29 0.032 
CDH23 -2.068 0.032 
CCDC189 -1.710 0.033 
LENG9 -1.605 0.033 
LOC104973551 -2.560 0.033 
MAPK15 -2.423 0.033 
NAT9 -1.075 0.033 
SMIM33 -2.1464 0.033 
IMPDH1 -4.734 0.039 
LOC101905571 -2.753 0.04 
OAZ1 -2.150 0.041 
LOC100848246 -1.921 0.042 
LOC112445512 4.613 0.042 
MAP3K15 0.653 0.042 
ZNF280B -3.277 0.042 
CHRNA2 -2.032 0.043 
DNAH7 -1.935 0.044 
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LOC104975561 -3.299 0.044 
MIA3 -1.403 0.044 
LOC112446351 -2.206 0.047 
CNOT11 -2.363 0.049 
Environment 21 
HIF1A 1.012 <0.001 
LOC101903734 0.847 0.002 
PDZD9 0.884 0.002 
HNRNPU 0.549 0.029 
MTUS1 0.751 0.029 
















Table 3. Pathway Analysis 
 
Effect Day Ingenuity Canonical Pathway P-value z-score 
Interaction 
3 
mTOR Signaling 0.005  
Circadian Rhythm Signaling 0.005  
Cell Cycle Regulation by BTG Family 
Proteins 
0.007  




Ferroptosis Signaling Pathway <0.001 0 
p38 MAPK Signaling 0.003  
Glutamine Degradation I 0.005  
Acetate Conversion to Acetyl-CoA 0.010  
21 
Cardiac "-adrenergic Signaling <0.001 0 
Role of CHK Proteins in Cell Cycle 
Checkpoint Control 
0.001  
BEX2 Signaling Pathway 0.003  
Protein Kinase A Signaling 0.003  
Apelin Adipocyte Signaling Pathway 0.003  
TR/RXR Activation 0.003  
Regulation of the Epithelial-Mesenchymal 
Transition Pathway 
0.005  
ERK/MAPK Signaling 0.006 -2 
Calcium Signaling 0.006  
Estrogen Receptor Signaling 0.007 -0.447 
Telomerase Signaling 0.007  
AMPK Signaling 0.007  
Cell Cycle Regulation by BTG Family 
Proteins 
0.008  
cAMP-mediated signaling 0.009  
HGF Signaling 0.009  
RhoA Signaling 0.010  
Environment 
3 
Oxidative Phosphorylation 0.001 0 
"-linolenate Biosynthesis II (Animals) 0.002  
Mitochondrial Dysfunction 0.006  
Fatty Acid "-oxidation I 0.008  
10 







iNOS Signaling 0.003  
HMGB1 Signaling 0.003  
CXCR4 Signaling 0.003  
EGF Signaling 0.004  
Production of Nitric Oxide and Reactive 
Oxygen Species in Macrophages 0.004  
GDNF Family Ligand-Receptor Interactions 0.008  
Huntington's Disease Signaling 0.009  
Cardiac Hypertrophy Signaling 0.009  
21 
 
Molecular Mechanisms of Cancer 0.002  
Calcium Signaling 0.002  
Endocannabinoid Cancer Inhibition 
Pathway 
0.003 -1 
Colorectal Cancer Metastasis Signaling 0.005 0.447 
Glioblastoma Multiforme Signaling 0.005  
BMP signaling pathway 0.006  
VEGF Signaling 0.009  
ILK Signaling 0.009 1 
Regulation of the Epithelial-Mesenchymal 
Transition Pathway 0.009  
Supplement 10 
Calcium Signaling <0.001 0 
Signaling by Rho Family GTPases <0.001 -1.604 
Semaphorin Neuronal Repulsive Signaling 
Pathway 
<0.001 1.155 
Tight Junction Signaling <0.001  
ILK Signaling <0.001 0.577 
RhoA Signaling <0.001 -1 
Epithelial Adherens Junction Signaling <0.001  
Apelin Cardiomyocyte Signaling Pathway <0.001 -1 
Hepatic Fibrosis / Hepatic Stellate Cell 
Activation 
<0.001  
Actin Cytoskeleton Signaling <0.001 0 
PAK Signaling <0.001 -0.707 
G#12/13 Signaling <0.001 -0.333 
Cellular Effects of Sildenafil (Viagra) <0.001  
Regulation of Actin-based Motility by Rho <0.001 -0.378 
AMPK Signaling <0.001 -1 
Agranulocyte Adhesion and Diapedesis <0.001  
Cardiac Hypertrophy Signaling <0.001 -0.905 
Uracil Degradation II (Reductive) 0.001  
Thymine Degradation 0.001  
RhoGDI Signaling 0.001 0.707 




Clathrin-mediated Endocytosis Signaling 0.001  
CXCR4 Signaling 0.002 -0.707 
VEGF Signaling 0.002 -1.342 
Germ Cell-Sertoli Cell Junction Signaling 0.002  
Integrin Signaling 0.002 -1.667 
PTEN Signaling 0.002 2.449 
Cardiomyocyte Differentiation via BMP 
Receptors 
0.002  
Cdc42 Signaling 0.002 0.816 
IGF-1 Signaling 0.002 -2.236 
FAK Signaling 0.002  
Hereditary Breast Cancer Signaling 0.002  
Triacylglycerol Biosynthesis 0.003 -1 
Cardiac "-adrenergic Signaling 0.003 0.447 
Production of Nitric Oxide and Reactive 
Oxygen Species in Macrophages 
0.003 -1.414 
Estrogen Receptor Signaling 0.004 -1.508 
Gluconeogenesis I 0.005  
Glycolysis I 0.005  
VEGF Family Ligand-Receptor Interactions 0.005  
ERK/MAPK Signaling 0.005 -0.378 
EGF Signaling 0.006 -2 
Axonal Guidance Signaling 0.006  
Thrombin Signaling 0.006  
RANK Signaling in Osteoclasts 0.006 -1.342 
CTLA4 Signaling in Cytotoxic T 
Lymphocytes 
0.006  
Cancer Drug Resistance by Drug Efflux 0.007  
IL-12 Signaling and Production in 
Macrophages 
0.008  
IL-2 Signaling 0.008  
MSP-RON Signaling in Cancer Cells 
Pathway 0.009 -1.633 
Salvage Pathways of Pyrimidine 
Ribonucleotides 0.009 1.342 
Nitric Oxide Signaling in the 
Cardiovascular System 0.010 -0.447 
21 
Sirtuin Signaling Pathway <0.001 1.342 
Tight Junction Signaling <0.001  
ILK Signaling <0.001 0 
TR/RXR Activation 0.001  
Actin Cytoskeleton Signaling 0.001 1.633 
IGF-1 Signaling 0.002  
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Supplement 21 
RhoA Signaling 0.003 1 
Granzyme A Signaling 0.004  
Cellular Effects of Sildenafil (Viagra) 0.004  
Estrogen Receptor Signaling 0.006 -0.816 
GDNF Family Ligand-Receptor Interactions 0.006  
Cardiac Hypertrophy Signaling 0.007 0.447 
Epithelial Adherens Junction Signaling 0.007  
Glioblastoma Multiforme Signaling 0.009  




CHAPTER 3: "-ADRENERGIC AGONISTS ALTER OXIDATIVE 




 Beta-adrenergic agonists are FDA-approved supplements utilized in pigs and 
cattle to improve growth performance, carcass weight, and longissimus muscle area 
(Lean et al., 2014). Previous studies within our group have focused on understanding 
molecular changes in skeletal muscle due to beta-adrenergic agonist (β-AA) 
supplementation. This work has shown that β-AA supplementation increases glucose 
oxidation in muscle from thermoneutral and heat-stressed lambs and in rat skeletal 
muscle stimulated with ZH. These effects were independent of insulin signaling and 
glucose uptake, indicating alterations in cellular efficiency (Cadaret et al., 2017; Barnes 
et al., 2019). Skeletal muscle transcriptomics of lambs supplemented ZH revealed 
upregulation of mitochondrial solute carrier SLC25A25 (Kubik et al., 2018). SLC25A25 is 
a Ca2+ sensitive ATP-Mg2+/Pi inner mitochondrial membrane solute transporter. Due to 
the role of the mitochondria in metabolism, the objective of this study was to understand 
how β-AA affect mitochondrial function of skeletal muscle stem (i.e., satellite) cells 
isolated from cattle, pigs, and sheep. We hypothesized that β-AA would improve the 
efficiency and ATP production capacity of muscle satellite cells by modifying 
mitochondrial function. 
 
Materials and Methods 
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Isolation of Satellite Cells 
 
 This study was approved by the IACUC at the University of Nebraska-Lincoln, 
which is accredited by AAALAC International. Skeletal muscle was collected from cattle 
and pigs at the USDA-inspected abattoir at the University of Nebraska-Lincoln. 
Additionally, pig and sheep skeletal muscle was collected via surgery from control 
animals in other studies at the University of Nebraska-Lincoln. Collected muscle was 
placed in cold PBS on ice. Connective tissue, fat, and membranes were dissected away 
from the muscle and the muscle was minced. Minced tissue (approximately 5 mL) was 
divided into 50 mL conical tubes and washed in 30 mL cold PBS. The tubes were 
centrifuged at 1500 x g for 5 min and supernatant was poured off into the sink. Protease 
from Streptomyces griseus (Sigma-Aldrich, St. Louis, MO) buffer was prepared with 
0.0375 g Protease and 30 mL PBS per 50 mL conical tube. The protease buffer was 
stirred on a hot plate at 37ºC until the solution was nearly clear. Then it was filtered using 
a 0.22 µm filter (Millipore Sigma) into a sterile bottle. Cells were digested in the protease 
buffer by placing the 50 mL conical tubes in a 37ºC water bath for 1 hr and vigorously 
shaking for approximately 10 sec every 15 min.  Tubes were centrifuged at 1500 x g for 5 
min and supernatant was poured off. Myoblasts were separated from tissue via serial 
centrifugation. 22.5 mL of 37°C 1X PBS was added to each conical tube. Tubes were 
vigorously shaken for ~10 sec then centrifuged at 500 x g for 10 min. Supernatant was 
collected. Pellets were resuspended in 18.5 mL of 37°C 1X PBS, tubes were vigorously 
shaken for ~10 sec, then centrifuged at 500 x g for 8 min. Supernatant was collected. 
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Pellets were again resuspended in 12.5 mL of 37°C 1X PBS. Tubes were vigorously 
shaken for ~10 sec and then were centrifuged at 500 x g for 1 min. Supernatant was 
collected and filtered with 100 μm filter conical tubes (Millipore Sigma). Filtered fluid 
was centrifuged at 1500 x g for 5 min. Supernatant was aspirated off and pelleted satellite 
cells were suspended in 15 mL media (90% DMEM (Thermo-Fisher Scientific, Waltham, 
MA) and 10% Fetal Bovine Serum (Atlanta Biologicals, Flowery Branch, GA) and 
incubated on Cell Culture Microplates (Agilent Technologies) at 37°C and 5% CO2 for 2 
hr to remove fibroblasts. The media and non-adhered myoblast mixture was collected 
into a 50 mL conical tube. Plates were washed with an additional 10 mL of PBS and the 
PBS was added to the conical tube. Tubes were centrifuged at 1500 x g for 5 min. 
Supernatant was aspirated off and pelleted cells were resuspended in 15 mL growth 
media (78.5% DMEM, 20% Fetal Bovine Serum, 1% AbAm (Thermo-Fisher Scientific, 
Waltham, MA), and 0.5% gentamycin (Thermo-Fisher Scientific, Waltham, MA) per 15 
cm culture plate. Cells were seeded onto Poly-L-Lysine and Fibronectin coated cell 
culture plates and incubated at 37°C and 5% CO2.  
 Satellite cells were detached from plates for splitting or freezing using 10 mL 
Accutase (Innovative Cell Technologies, Inc., San Diego, CA). The cells suspended in 
Accutase were collected into a 50 mL conical tube then plates were washed with an 
additional 10 mL of 37°C 1X PBS; the PBS was added to the conical tube. Conical tubes 
were centrifuged at 1500 x g for 5 min. Supernatant was aspirated off and pelleted cells 
were resuspended in 37°C 1X PBS and counted using a hemocytometer. Conical tubes 
were again centrifuged at 1500 x g for 5 min and supernatant was aspirated off. For 
splitting, pelleted cells were resuspended in growth media and seeded onto coated cell 
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culture plates. For freezing, pelleted cells were resuspended in freezing media (74.76% 
DMEM, 19.05% Fetal Bovine Serum, 4.76% DMSO (Thermo-Fisher Scientific, 
Waltham, MA), 0.95% AbAm, 0.48% gentamycin). 500 µL of cells suspended in 
freezing media was pipetted into each 2.0 mL cryo tube and placed in a freezing 
container and stored at -80°C. After at least 24 hours, cryo tubes were moved to liquid 




 Satellite cells were detached and counted as described above. Based on seeding 
density optimization trials, pelleted cattle cells were suspended in growth media at a 
concentration of 100,000 cells per 100 µL. Pelleted sheep and pig cells were suspended 
in growth media at a concentration of 125,000 cells per 100 µL. 100 µL of media with 
suspended cells was added to 20 of the wells in a Poly-L-Lysine and Fibronectin coated 
Cell Culture Microplate (Agilent, Santa Clara, CA) incubated at 37°C and 5% CO2  for 
10 min. Each Microplate had 4 blank wells filled with 250 µL growth media. After 
incubation, 150 µL growth media was added to each well with cells and plates were 
incubated at 37°C and 5% CO2 overnight. The assay was performed using a Seahorse 
XFe24 Analyzer (Agilent, Santa Clara, CA) following the manufacturer’s protocol 
(Seahorse XF Cell Mito Stress Test Kit User Guide, 2019) with the following 
modifications. 50 mL of Seahorse DMEM Media was supplemented with 500 µL Sodium 
Pyruvate (100 mM), 500 µL Glutamine (200 mM) and 500 µL Glucose (2 M). An FCCP 
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titration was performed (0 µM to 2 µM). FCCP, Oligomycin, and Rotenone were 
prepared by combining 300 µL stock solution and 2,700 µL of supplemented Seahorse 
DMEM Medium. 55 µL of Oligomycin was added to port A, 65 µL of FCCP was added 
to port B and 70 µL of rotenone was added to port C. 50 µL of the β-AA treatment was 
added to port D. For each cell line species, a concentration trail for Zilpaterol (ZH; 0.05 
µM to 0.2 µM) and Ractopamine (RAC; 1 µM to 4 µM) was performed. For final data 
collection, ZH was used at a concentration of 0.1 µM and RAC at a concentration of 2 
µM for all species. Each drug was diluted in supplemented Seahorse DMEM medium; 
supplemented medium without β-AA was injected as the control treatment. 
 Following the Seahorse run, media was aspirated from wells. 75 µL of RIPA 
buffer (Thermo-Fisher Scientific, Waltham, MA) was added to each well and pipetted 
vigorously. Protein concentration for each well was determined using either a Pierce 
BCA Protein Assay Kit or a Pierce Coomassie Plus (Bradford) Assay Kit (Thermo Fisher 
Scientific, Waltham, MA) following the manufacturer’s protocol. Oxygen Consumption 
Rate (OCR) data were normalized to the estimated protein concentration of each well in 
the Seahorse Wave desktop software.  
 Well and individual measurement outliers were excluded as previously described 
(Yépez et al., 2018). Since intracellular flux studies result in considerable inter-plate 
variation (Yépez et al., 2018), the OCR for each well was standardized based on fold 
change relative to the average baseline OCR for that well (time points 2-6). Then, 
standardized technical replicates for every cell line x treatment x time point were 
averaged. Oxygen Consumption Rate (OCR) metrics were calculated based on the 
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manufacturer’s user guide (Seahorse XF Stress Test Report Generator User Guide, 2016) 
with the following modifications due to data standardization (Figure 1, Table 1). Basal 
OCR was calculated by subtracting the Non-Mitochondrial OCR from 1. ATP Production 
was calculated by subtracting the minimum rate after Oligomycin injection (time point 7-
9) from 1. The effect of β-AA treatment was analyzed by ANOVA with the GLIMMIX 




 Considerable variation was observed in time point 1 readings, attributed to 
variation in machine calibration time. Therefore, time point 1 was excluded from 
evaluation in all plates and was not used in the calculation baseline OCR used in 
normalization. There was no significant change in OCR in response to acute injection for 
species (P= 0.6564), β-AA injection (P= 0.8901) or the interaction between the two (P= 
0.7565). Therefore, average baseline OCR was calculated using the reads before (time 
point 2 and 3) and after (time point 4-6) the injection of β-AA treatments to allow for a 
greater number of data points and a more accurate baseline OCR for normalization. 
 Incubation of cells with either ZH or RAC increased maximal respiration (P= 
0.046) and spare respiratory capacity (P= 0.0352) in bovine satellite cells (Figure 2). No 
difference was observed between ZH and RAC (P>0.05). In porcine and ovine satellite 
cells, maximal respiration and spare respiratory capacity did not differ between β-AA 
treated cells and controls (Figure 2 and 3). No differences were observed among 
treatments or animals for basal respiration, ATP-linked respiration, proton leak, or non-
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mitochondrial respiration in any of the species due to β-AA treatment (P>0.05; Figure 2, 




 In this study we found that both RAC and ZH enhance spare respiratory capacity 
and maximum respiration of bovine muscle stem cells but resulted in no metabolic 
changes in porcine or ovine cells. This demonstrates that β-AA supplements improve the 
efficiency of bovine myogenic cells by favorably modifying mitochondrial function. The 
RAC and ZH-treated cells are better equipped to respond to the stress of an ATP-depleted 
environment than control cells due to their increased mitochondrial capacity. We 
postulate that this leads to more efficient utilization of available substrates and more 
efficient energy production in the muscle of β-AA supplemented cattle. This study also 
demonstrates mitochondrial efficiency is one plausible mechanism underlying the 
differing physiological responses to β-AA across species.  
 One mechanism by which β-AA improve cattle production outcomes is by 
altering glucose metabolism and mitochondrial function. Previous studies by our group 
have reported increased glucose oxidation in primary skeletal muscle isolated from lambs 
that were supplemented ZH and in primary rat muscle stimulated with ZH in vitro 
(Cadaret et al., 2017; Barnes et al., 2019). These effects were independents of insulin 
signaling and glucose uptake, indicating alterations in cellular efficiency. These data led 
us to investigate the role mitochondria play in cellular efficiency changes. Our results 
indicate that β-AA increased maximum, but not basal respiration rate in bovine cells. We 
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postulate that this is due to the increased intracellular availability of substrates to be 
oxidized in these cells. Uncoupling agents like FCCP can mimic the physiological energy 
demand typical of a muscle during exercise (Adhihetty et al., 2003). This uncoupling 
causes the respiratory chain to function at its maximum possible rate to re-establish the 
ion gradient. Rapid oxidation of substrates like sugars, fats, or amino acids is required to 
complete this response (Seahorse XF Cell Mito Stress Test Kit User Guide, 2019). 
Bovine myoblasts treated with β-AA demonstrated an increased capacity to oxidize 
substrates than their control media counterparts. 
 Spare respiratory capacity, the difference between basal and uncoupler-stimulated 
respiration, reflects the cells’ ability to respond to increased energy demands (Divakaruni 
et al., 2014). Cells with a greater spare respiratory capacity typically have decreased 
demands at resting state and increased mitochondrial biogenesis at different stages of the 
cell cycle (Divakaruni et al., 2014). Mitochondrial biogenesis in muscle is characterized 
by an increase in mitochondrial density in cells and increased enzyme activity within 
cells (Adhihetty et al., 2003). Since cells in this study were treated acutely with β-AA 
before measurement, it is unlikely that the response observed in bovine myoblasts was 
due to increased mitochondria number. Instead, it is plausible that β-AA treatment 
resulted in increased enzymatic activity in the oxidative phosphorylation pathway. An 
increase in enzymatic activity would result in more efficient ATP production in the cell, 
which could have implications in animal performance measures such as feed-to-gain 
ratios. Future experiments evaluating enzyme activity are warranted to evaluate the 
impact on animal performance and differences between species in cells treated with RAC 
and ZH.  
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 The lack of an effect of β-AA on basal respiration rates in bovine, porcine, or 
ovine myoblasts leads us to believe that β-AA do not play a role in the electron transport 
chain of cells in a resting state. This substantiates our assertions regarding changes in 
glucose oxidation in β-AA treated cells. In a state of rest, cell mitochondria utilize a finite 
amount of substrate regardless of the amount available. Therefore, we would not 
anticipate a difference in basal mitochondrial function between treated and untreated 
cells. In addition to basal respiration, β-AA did not affect proton leak, non-mitochondrial 
respiration, or ATP-linked respiration, demonstrating no evidence of mitochondrial 
dysfunction, as would be suspected if proton leak was significant there was a negative 
alteration in ATP-synthase (Divakaruni et al., 2014; Yépez et al., 2018). This also 
assumes that cells had equal amounts of oxygen consumption by non-mitochondrial 
oxidases (Divakaruni et al., 2014).  
 Cattle, pigs, and sheep have differing changes in feed efficiency and muscle and 
fat deposition in response to β-AA supplementation at an organismal level, therefore 
species differences in the response to β-AA treatment at a cellular level are unsurprising 
(Mersmann, 1998). Species differences observed between cattle and pigs in this study 
were expected due to differences in the β-AR isoforms located on the cell surface. Cattle 
skeletal muscle has predominantly β2-AR, but β1-AR and a small portion of β3-AR are 
also present (Sillence and Matthews, 1994). Alternatively, pig skeletal muscle primarily 
has the β1-AR subtype with a smaller number of β2-AR and an even smaller proportion of 
β3-AR (McNeel and Mersmann, 1999). Species differences observed between cattle and 
lambs were more surprising. Lambs are often used as a physiological model for cattle 
because of similar metabolic and growth regulating systems (Barnes et al., 2019). 
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However, this study provided evidence of metabolism differences between the species. 
Receptor subtype abundance has not been explicitly studied in sheep but feeding trials 
resulted in a more robust response to β2- than β1-AA so similar to cattle, sheep skeletal 
muscles are presumed to have primarily the β2-AR subtype (Lopez-Carlos et al., 2011). 
Therefore, alternative physiological mechanisms are likely underlying the species 
differences in mitochondrial function between cattle and sheep. Further studies are 
warranted to understand the differing effects of β-AA supplementation on cellular 
metabolism across species. 
 There are many possible sources of variation in mitochondrial function between 
animals within a species. A positive correlation between mitochondrial efficiency and 
feed efficiency has been reported in broilers, pigs, and beef cattle (Bottje and Carstens, 
2009; Grubbs et al., 2013). Therefore, cells isolated from high feed efficiency or low feed 
efficiency animals would be expected to have differing mitochondrial function. Further, 
mitochondrial function varies across breeds of livestock.  Differences were reported 
between Angus and Brahman cattle, potentially contributing to the heat tolerance 
differences between the breeds (Ramos et al., 2020). Our study did not take breed 
composition or feed efficiency into account before cell line isolation, which may 
contribute to variation within the species we evaluated. Evaluation of these variables in 
future studies could help characterize intra-species variation. 
  Our data indicate that both ZH and RAC increase maximal respiration and spare 
respiratory capacity relative to controls in bovine muscle stem cells. Thus β-AA treated 
bovine cells have indicated an increased ability to respond to cellular stresses and 
increased energy demands. This provides evidence that favorable modification of 
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mitochondrial capacity is one mechanism by which β-AA supplements increase 
metabolic and growth efficiency of skeletal muscle in livestock. However, a lack of 
significant change in mitochondrial function due to β-AA treatment in porcine and ovine 
cells indicates that additional physiological mechanisms contribute to β-AA improvement 
of feed efficiency in livestock animals.  
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Table 1. Mitochondrial function calculations based on OCR 
 
Measure Calculation 
Non-mitochondrial respiration Min OCR (time point 13-15) 
Basal respiration 1 - Non-mt respiration 
Maximal respiration Max OCR (time point 10-12) - Non-mt respiration 
Proton leak Min OCR (time point 7-9) - Non-mt respiration 
ATP-linked respiration 1 - Min OCR (time point 7-9) 




Figure 1. Experimental design for Seahorse XF Cell Mitochondrial Stress Test  
 
Oxygen Consumption Rate (y-axis) is measured at 15 time points (open circles) before 
and after the addition of β-AA (or no/control treatment) and three drugs. The expected 
response of the cell is shown, and measures of mitochondrial function illustrated 





Figure 2. Bovine Measures of Mitochondrial Function 
 
Least squared means (± std err) for each treatment across each measurement of 
mitochondrial function (OCR relative to baseline time points 2-6). * signifies a difference 






Figure 3. Ovine Measures of Mitochondrial Function 
 
Least squared means (± std err) for each treatment across each measurement of 
mitochondrial function (OCR relative to baseline time points 2-6). No significant 






Figure 4. Porcine Measures of Mitochondrial Function 
 
Least squared means (± std err) for each treatment across each measurement of 
mitochondrial function (OCR relative to baseline time points 2-6). No significant 






CHAPTER 4: MANDIBULOFACIAL DYSOSTOSIS ATTRIBUTED TO A 
RECESSIVE MUTATION OF CYP26C1 IN HEREFORD CATTLE1 
 
1 Sieck, R. L., Fuller, A. M., Bedwell, P. S., Ward, J. A., Sanders, S. K., Xiang, S. H., 
Peng, S., Petersen, J. L. & Steffen, D. J. (2020). Mandibulofacial Dysostosis Attributed to 





 Over 250 Mendelian traits in cattle are reported in the Online Mendelian 
Inheritance in Animals database (https://omia.org/home/). Often deleterious syndromes in 
cattle are attributed to variants inherited in an autosomal recessive manner (Ciepłoch et 
al., 2017). Due to this inheritance pattern, clinical signs of disease may not appear for 
many generations after the casual mutation originates. However, artificial selection in 
livestock and the commonplace use of artificial insemination and embryo transfer can 
expedite widespread proliferation of a deleterious variant. Once a deleterious defect is 
identified, prompt identification of carrier animals is necessary to prevent economic loss. 
The significant impact of a single deleterious variant in livestock can be exemplified by a 
recessively inherited mutation in APAF1, traced back to a Holstein bull born in 1962.  
The recessive genotype, detrimental to cow fertility, was estimated to have resulted in 
525,000 abortions costing the industry $420 million (Adams et al., 2016). 
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 In March and April of 2020, three herds reported a total of six purebred Hereford 
calves born with unusual defects of the face and jaw attributed to a condition we termed 
Mandibulofacial Dysostosis (MD). One of the reporting herds also noted a calf born with 
a similar phenotype in 2018. The calves were live born, of normal size, with an intact 
suckle reflex but weak suckling ability. Grossly, several calves appeared to have a 
widened upturned “smile,” a variably shortened and/or asymmetric lower mandible, and 
unique, bilateral skin tags just caudal to the commissure of the lips. The three herds 
reporting MD cases were each in a different state (Iowa, Wyoming, Missouri) with 
typical summer grazing and winter feeding programs, making an environmental cause 
unlikely. Sires and dams of affected calves were consanguineous. 
 The similarity in the reported clinical description among the affected calves, the 
pedigree analysis, and description of similar phenotypes in children (Chen et al., 2018) 
and mice (Vieux-Rochas et al., 2007; Gitton et al., 2010) led to the hypothesis that a de 
novo, autosomal recessive mutation may be causative of this novel condition in Hereford 
cattle. Pathologic findings of Meckel’s cartilage suggested that a mutation might exist 
that disrupts development of PA1, possibly through ET1 and DLX signaling. Expression 
of Dlx homeobox genes in the cranial neural crest cells (CNCC) of first pharyngeal arch 
(PA1) provides patterning information during jaw formation. Differentiation between the 
mandible and maxilla is driven by endolithin-1 (ET1) signaling in PA1 that activates 
Dlx5 and Dlx6 (Vieux-Rochas et al., 2007; Parada and Chai, 2015). The identification of 
a causative variant would allow breeders to identify carrier individuals to avoid 
production of affected calves and has the potential to yield novel information regarding 
the regulation of craniofacial development.  To investigate this hypothesis, multiple 
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affected calves were obtained to establish a phenotypic characterization of the defect and 
case definition. DNA from these calves, family members, and herd mates was collected 
for whole-genome sequencing (WGS) to identify possible de novo variant(s) impacting 
mandibulofacial development in the affected calves. 
 
Materials and Methods  
 
 Animals utilized in this study were sampled in compliance with approved 
University of Nebraska IACUC project ID number 1970: Diagnostic Investigation into 
Natural Animal Disease Events. Five affected calves, two heifers and three bulls, were 
received at the University of Nebraska-Lincoln Veterinary Diagnostic Center (UNL-
VDC) for autopsy evaluation, four after euthanasia on the farm and one live, within 24 
hours of birth. The live calf was evaluated for hearing and vision, and then euthanized by 
intravenous injection of pentobarbital sodium and phenytoin sodium (Euthosal, Virac 
AH, Inc.).  
 Sire and dam of all reported, affected calves as well as their extended pedigrees 
(records available through the American Hereford Association, https://hereford.org/) 
were evaluated to identify common ancestors. The herd of origin and date of birth was 
also noted. 
 Tissue samples (ear) were collected from the five affected calves received at the 
UNL-VDC. Semen or whole blood samples were obtained from parents of affected 
calves (as available) and initially from 7 other related individuals. All samples were 
stored at -20°C. DNA was isolated from blood samples using a Gentra Puregene Blood 
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Kit (Qiagen, Venlo, Netherlands) utilizing the following protocol. Blood tubes were 
centrifuged at 2,000 x g for 15 min at 4°C. 250 µL of buffy coat was combined with 900 
µL red blood cell lysis solution, vortexed to mix, and then incubated at room temperature 
for 5 min. Samples were then centrifuged (13,000 x g for 2 min); the supernatant was 
discarded. 450 µL of red blood cell lysis solution was then added to the tube containing 
the pellet, vortexed to mix, and then incubated at room temperature for 5 min. Samples 
were again centrifuged (13,000 x g for 2 min). The supernatant was discarded and 900 µL 
cell lysis solution and 6 µL Proteinase K was added.  The samples were vortexed, then 
incubated for 30 min at 35˚C. After cooling on ice to room temperature, 200 µL of 
protein precipitation solution was added, the samples were vortexed for 1 min, and then 
incubated on ice for 5 min. The tubes were centrifuged (13,000 x g for 2 min at room 
temperature). The supernatant was poured into a new tube containing 800 µL of 100% 
isopropanol and tubes were inverted 50 times to precipitate DNA followed by 
centrifugation at 8000 x g for 2 min. The supernatant was discarded, and tubes were 
drained on a clean paper towel for 1 min. 300 µL of 70 % ethanol was added and tubes 
were inverted to wash DNA and centrifuged (8000 x g for 1 min). The supernatant was 
again discarded, and tubes were drained for 10-15 min on a clean paper towel before the 
DNA was rehydrated in 100 µL of DNA hydration solution.  Samples were incubated at 
room temperature overnight before storage at 4˚C.  
 DNA isolation from semen was also completed using the Gentra Puregene Blood 
Kit (Qiagen, Venlo, Netherlands) with modifications as previously described (Petersen et 
al., 2019). DNA quality and purity were evaluated with an Epoch Microplate Reader 
(BioTek, Winooski, VT, USA). Isolated DNA samples from 20 individuals underwent 
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KAPA library preparation and sequencing with 150-bp paired-end reads across one lane 
of an Illumina NovaSeq S4 at Admera Health (South Plainfield, NJ, USA). Adapters and 
poor-quality bases (minimum Phred score 20) were removed using Cutadapt (Martin, 
2011) via the wrapper TrimGalore version 0.4 (https://github.com/Felix 
Krueger/TrimGalore). The sequences were mapped to the ARS-UCD1.2 reference 
genome using BWA–MEM (Li, 2013) and the output .sam files converted to .bam files 
and indexed using SAMtools (Li et al., 2009). Duplicate reads were marked using Picard 
(http://broad institute.git hub.io/picard). Variants were called across all individuals with a 
freebayes-parallel (https:// github.com/ekg/freebayes/blob/master/scripts/freebayes-
parallel), and variants with a quality score lower than 30 were eliminated. Variant 
positions (e.g., intronic, exonic) were annotated using the ARS-UCD1.2 Annotation 
Release 106.  
 Filtering to identify candidate variants was completed utilizing VCFtools 
(https://vcftools.github.io). Some variants were further prioritized by evaluating their 
predicted impact on gene/protein function as annotated by the Ensembl Variant Effect 
Predictor (https://uswest.ensembl.org/info/docs/tools/vep/index.html) and SNPEff 
(Cingolani et al., 2012). 
 Sequence Read Archive data were obtained for animals mapped to the ARS-
UCD1.2 and UMD3.1 reference genomes using a workflow based upon 
https://github.com/SichongP/SRA_variant_search. The NCBI Genome Remapping 
Service (https://www.ncbi.nlm.nih.gov/genome/tools/remap) was used to translate variant 
positions between genome builds. The pileup function from the sra-tools 
(https://github.com/ncbi/sra-tools, version 2.9.1) was used to generate pileup files at 
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candidate variant loci. Subsequent genotyping was carried for loci with at least 10 reads 
per locus.  
 For verification of the leading candidate SNP, 762 additional samples (semen, 
EDTA blood, or hair) were obtained. Of these samples, 289 were banked DNA samples 
from the American Hereford Association stored at Neogen GeneSeek (Lincoln, NE, 
USA), which were received in the form of isolated DNA. DNA was isolated from the 
blood and semen samples as described above.  DNA from hair was isolated as previously 
described (Petersen et al., 2020).  
 One of three genotyping methods were employed for validation of the candidate 
variant. Kompetitive Allele Specific PCR genotyping was conducted using primers and 
probes designed with the KASP on Demand utility (LGC Genomics, Teddington, 
Middlesex, UK; S1 Table). All KASP reactions were performed in duplicate on a 
CFX384 Touch Real-Time PCR machine (Bio-Rad, Hercules, California) following the 
manufacturer’s protocol.  Non-template (negative) controls, 3 homozygous reference 
controls, 3 heterozygous controls, and 4 homozygous alternative controls were run on 
each plate. The fluorophores HEX and FAM labeled wildtype and variant probes, 
respectively. Results were visualized in the CFX Maestro Software (Bio-Rad 
Laboratories, Hercules, CA, USA).   
 Any sample failing to genotype in duplicate via KASP was genotyped by either 
Sanger sequencing or ddPCR. For ddPCR assays, primers to amplify a 136-bp fragment 
containing the candidate variant were designed in Primer3 (Untergasser et al., 2012) (S1 
Table). PrimeTime, double-quenched (ZEN/IowaBlack FQ) competitive probes were 
constructed to distinguish between the wildtype (T) and variant (C) alleles, labeled with 
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HEX and FAM fluorophores, respectively (S1 Table). ddPCR reactions were performed 
using standard protocol on a QX200 ddPCR system (Bio-Rad Laboratories, Hercules, 
CA, USA). A non-template (negative) control was included as well as positive controls, 
which consisted of DNA from two affected calves, two obligate carriers, and two 
unaffected individuals. Samples of interest for allele quantification were run in duplicate 
or triplicate. The reaction included 1X ddPCR Supermix for Probes (no dUTP; Bio-
Radlaboratories), 25 ng (10ng/µl) of template DNA, primers at 0.18 µM each, probes at 
0.02 µM each, and molecular grade water to a final reaction volume of 22 µL. Reactions 
were converted into approximately 20,000 one-nanoliter droplets using the QX200 
Droplet Generator. Thermocycling included 10 min of enzyme activation at 95°C and 39 
cycles of denaturation (94°C, 30 sec) followed by annealing/extension (64°C, 1 min). 
Enzyme deactivation (98°C, 10 min) concluded the cycle. The plate was read in the 
QX100 Droplet Reader (Bio-Rad) and results were analyzed using QuantaSoft Software 
(Bio-Rad).  Power to distinguish alleles was determined from the false-negative rate of 
the controls (e.g., power for detection of a variant allele =1− 
(wildtype droplets/total positive droplets), when template representing only the variant 
allele was provided). 
 Sanger sequencing was performed for 6 different variants at ACGT, Inc. 
(Wheeling, IL, USA) after PCR with primers designed in Primer3 (Untergasser et al., 
2012) (S1 Table). PCR reactions were performed using a FastStart kit (Sigma-Aldrich, 
St. Louis, MO, USA) and included 4.45 µL water, 0.25 µL MgCl, 1.2 µL 10X buffer 
with MgCl, 0.5 µL dNTP, 0.1 µL Taq, 0.75 µL of 20uM forward and reverse primer, and 
4µL of 5ng/µL DNA template. Thermal cycling conditions consisted of 94°C for 4 min, 
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32 cycles of 94°C for 30 sec, annealing temperature (S1 Table) for 30 sec, 72°C for 45 
sec, a final extension at 72°C for 10 min, then a 10°C hold. PCR product cleanup was 
performed using 0.75 µL ExoSAP-IT (Applied Biosystems) per 4 µL PCR product. 
Thermal cycling conditions consisted of a cycle at 37°C for 30 min, 80°C for 15 min and 
15°C hold. 
 The cytochrome CYP26C1 (Bos taurus) structural model was generated based on 
the X-ray crystal structure of cyanobacterial CYP120A1 (Kühnel et al., 2008) (PDB: 
2VE3) using sequence homology modeling program Modeller (Webb and Sali, 2016). 
Their protein sequences have a 31.4% identify and 46.8% similarity. The secondary 
structural predictions were conducted using an online Jnet program and the window size 
setup for 22 amino acids based on the structure of the α-helix segment from 179 to 200 
amino acids. Conservation of the amino acid altered by the most promising candidate 
SNP was also evaluated across multiple species using Multialign 
(http://multalin.toulouse.inra.fr/multalin/). 
 Whole-genome sequence data generated for this project are available on the NCBI 
SRA (BioProject ID: PRJNA663547). Sanger sequencing data representing each 
CYP26C1 genotype have been deposited in GenBank (Accessions: MW123048 and 
MW123049). Novel candidate variants have been deposited in the European Variation 




Pathologic Characteristics of Affected Calves 
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 Autopsy evaluation of five affected calves, three bulls and two heifers, took place 
at the UNL-VDC. The calves weighed between 32 and 41 kg.  Unique and consistent 
hallmarks of the condition included bilateral skin tags 2-10 cm caudal to the commissure 
of the lips (Figure 1A, 1B). The tags were 0.5-2.0 cm long with a central dermal core that 
attached through a short, 1 cm dermal band to cartilage (Figure 1C). This cartilage 
extends to its origin at the zygomatic process of the temporal bone (Figure 1D). The 
cartilage, from its origin extended cranially for 3-5 cm and was encased in bone. The 
boney processes were 1.5-2.0 cm wide, 1.0 cm thick and separated from underlying 
bones of the face by a 0.5 cm gap. A short 1.0 cm dorsal lateral protrusion of bone at the 
origin of the boney process was also present. The bone-wrapped Meckel’s cartilage was 
bilateral and consistent in each affected calf. When the bone was fractured during 
autopsy, a perfectly round 0.35 mm diameter tube of cartilage freely separated in the 
center of the bone (Figure 1E). Several affected calves had additional skin tags near or 
several centimeters below the external acoustic meatus not associated with cartilage or 
bone (Figure 1A, 1B). Additional coexisting facial deformities included megastomia in 
three, camplyognathia of the mandible in two, campylognathia involving mandible and 
maxilla in one, and brachgnathia inferior in three calves (Table 1). A single calf had a 
cleft palate.  The calves with maxillary campylognathia also had asymmetry of the orbits 
with one located approximately 3 cm caudal to the other.  All calves had hypoplasia of 
the masseter and temporalis muscles and pinnae that were low set and drooped.   
 Histologic evaluation of the boney process originating from the temporal bone 
revealed a cartilage (Meckel’s) core sandwiched between plates of bone (Figure 1F). The 
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bone and cartilage were surrounded by thick fibrous periosteum. No evidence of 
endochondral ossification is noted with this cartilage. Sections of eye, kidney, liver, 
brain, adrenal, spleen, skeletal muscle, thymus, intestine, and lymph node appear normal. 
The skin tag had a thick dermal core with redundant collagenous stroma and most 
sections included normal adnexa and sinus hairs.  
 After disclosure of the MD defect to the breed association membership, three 
additional affected calves were reported, with the phenotype of two confirmed via digital 
image evaluation, and one by evaluation at the UNL-VDC. All affected calves had the 
presumed founder in their pedigree (Figure 2). 
 
Whole Genome Sequencing 
 
 Whole genome sequence data, averaging 13.0X coverage (range 10.8 to 15.5; 
standard deviation 1.32) of 20 individuals (3 affected calves, parents of the sentinel cases 
(N=6), parents of other affected calves (N=4; including that of the 2018 calf) and 7 
related individuals (S1 Figure) was filtered to identify variants that were homozygous for 
the alternative allele in all affected calves, in a heterozygous state in all obligate carriers 
(parents of affected calves), and either heterozygous or homozygous for the reference 
allele in the related individuals. This filtering resulted 143 variants matching the 
hypothesized recessive mode of inheritance; all but 17 had RefSNP (rs) identifiers. 134 of 
the candidate variants were located between 10.3 and 15.9 Mb on chromosome 26 (S2 
Table).  Evaluating the variants homozygous in the calves without regard to the genotype 
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of other individuals identified an extended region of homozygosity among cases that also 
included this region of chromosome 26. 
 Additional evaluation was performed using WGS data from 101 animals 
sequenced for other projects in the lab (including 6 purebred Hereford and 8 Hereford-
crosses), from 1,577 cattle sequenced previously as part of the 1000 bull genomes project 
(Daetwyler et al., 2014), and 128 other Herefords provided by the American Hereford 
Association. These data resulted in the elimination of 141 of the 149 candidate variants as 
one or more of the additional animals were homozygous for the alternative allele. Of the 
remaining 8 variants, one was a missense variant in Exon 3 of CYP26C1 (Chr26 g. 
14404993T>C), one SNP was in the 5’ untranslated region of TBC1D12 (Chr26 g. 
15898152C>T), and the other 5 were intronic or intergenic (Table 2). The missense 
variant was the only variant with a predicted impact (SIFT score = 0, deleterious).  
 
Candidate Variant Filtering 
 
 A query of the Sequence Read Archive yielded results for 3191 cattle at one or 
more of the 8 variants queried. These samples represent the Hereford, Angus, Red Angus, 
and Simmental breeds and others. At 6 of the remaining 8 variants queried, all cattle in 
the SRA search were homozygous reference, providing no information from which to 
further filter them from the data set. Two variants were eliminated as possible causative 
variants due to their presence in other breeds as MD appears to be unique to the Hereford 
and associated with one specific bloodline.  At chr26 g.10713132G>A, 6 of 1018 
samples were heterozygous for the alternative allele (alt. frequency: 0.006). These 6 
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samples were of breeds including Romagnola, Simmental, and Original Braunvieh. Seven 
out of 1083 samples were heterozygous and 1 homozygous for the alternative allele at 
chr26 g.10794674G>A (alt. frequency: 0.0083). These 8 samples were also Romagnola, 
Simmental, and Original Braunvieh.  
 Sanger sequencing was performed on the 6 remaining candidate variants in one of 
the additional affected calves, 3 additional parents of these affected calves, the presumed 
founder animal, the presumed sire of the founder animal, and 25 animals with the 
presumed founder bull in both their maternal and paternal pedigree. These data ruled out 
4 of the 6 remaining candidate variants due to identification of animals that genotyped 
homozygous for the alternative allele but did not display the MD phenotype or due to the 
MD affected calf not genotyping as homozygous for the alternative allele.  Of the two 
variants that could not be ruled out with additional data, due to its predicted function the 
missense variant in CYP26C1 was the primary candidate of interest and focused upon for 
further analyses. 
 
CYP26C1 Variant Genotyping 
 
 782 Hereford cattle were genotyped for the CYP26C1 SNP including the WGS 
animals (N = 20), other cattle from two of the reporting herds (N = 623), the suspect 
founder, two additional affected calves, and parents of those affected calves (N = 4) 
(Table 3). Of these 782, 624 were homozygous for the reference allele, 153 heterozygous, 
and the 5 affected calves homozygous for the variant allele. Within these Herefords 
genotyped, 106 had the presumed founder bull in both the sire and dam side of their 
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pedigree, 327 had the presumed founder bull in one side of their pedigree, and 348 
animals were not descendants of the presumed founder (Table 3). Notably, the suspect 
founder genotyped heterozygous, all additional affected calves from which DNA was 
available were homozygous for the alternative allele, and parents of the additional 
affected calves were heterozygous (DNA on one dam not available). Twelve animals 
were calves of both a sire and dam that were confirmed carriers of the CYP26C1 variant 
allele; of these, 2 were homozygous for the reference allele, 5 heterozygous, and 5 
homozygous for the variant allele (all affected with the described MD phenotype). 
 In total, 3371 genotypes for the CYP26C1 g.14404993T>C locus were examined 
(Table 4). With the exception of 17 of the 20 cattle sequenced for this study, the variant 
was not identified in any WGS-derived genotype. 
 Power to distinguish between wildtype and variant alleles by ddPCR was 0.999 
and 0.998, respectively. An average of 9999.9 droplets (st dev = 1599.8) were read per 
sample, with each run in 2 or more replicates. The germ line variant allele frequency of 
the maternal grandsire and great grandsire of the suspect founder did not exceed that of 
wildtype controls (S3 Table), refuting a hypothesized mosaic origin of the variant in 
either bull. 
 
Predicted Impact on Protein Function 
 
 Alignment of the amino acid sequence of CYP26C1 indicated that the residue 
altered (p. L188P) was conserved across Bos taurus, Ovis aries, Sus scrofa, Equus 
caballus, Homo sapiens, Mus musculus, Danio rerio, Xenopus tropicalis, and Canis lupus 
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familiaris (Figure 3). Structural modeling demonstrated the mutation site of L188P is 
located at the α-helix segment from 179 to 200 amino acids. This is not within the heme 
active site at which the substrate binds such as the all-trans-retinoic acid (atRA). 
Secondary structural predictions, however, indicate that the α-helix will be broken if the 




 In this investigation, MD of Hereford calves was associated with a missense 
mutation in CYP26C1.  MD is detrimental to the viability of affected animals due to an 
impaired ability to nurse. The identification of this associated and putatively causative 
marker provides breeders the ability to test for carriers to avoid mating decisions that may 
produce an affected calf.  Animals with the presumed founder on both sides of their 
pedigree originated from over 40 different breeders showing the widespread implications 
of MD within the Hereford breed. Further, the implication of CYP26C1 provides insight 
into the role of this gene in the regulation of RA during the development of craniofacial 
structures. 
 Facial structures including the mandible, maxillary musculature, and some 
structures of the inner ear and hindbrain are derived embryonically from CNCC that 
migrate from the neural tube to the PA1. This region of the embryo is the most rostral of 
the anteroposteriorally segmented structures present in early development (McGeady et 
al., 2017). Expression of Dlx homeobox genes in the CNCC of PA1 provides patterning 
information that results in specification of the mandibular and maxillary arches (Gitton et 
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al., 2010; Parada and Chai, 2015). Differentiation between the mandible and maxilla is 
driven by ET1 signaling in PA1 that activates Dlx5 and Dlx6 resulting in formation of 
Meckel’s cartilage in the mandibular, but not the maxillary prominence (Vieux-Rochas et 
al., 2007; Parada and Chai, 2015); Meckel’s cartilage, a transient cartilaginous plate, 
serves as a scaffold during formation and elongation of the intramembranous mandible 
bone (Granstrom et al., 1988).  
 Migration and proliferation of CNCC is guided by gradients of signals including 
fibroblast growth factor, retinoic acid, and Wnt (Parada and Chai, 2015; Schilling et al., 
2016). Retinoic acid (RA) plays a critical role in PA1 development because it acts as a 
repressor of ET1 (Vieux-Rochas et al., 2007). Excess RA disrupts ET1 signaling acting 
on the Dlx genes. Therefore, excess exposure of PA1 to RA during a critical 
developmental period results in teratogenesis of the mandible, specifically altering 
development of the Meckel’s cartilage. Similar effects were observed in Dlx5/Dlx6 and in 
ET1 receptor mutant mice (Ruest et al., 2004), supporting the importance of RA in the 
development of mandibular structures. Dysregulation of the RA gradient has the most 
severe effect on craniofacial morphology at 9 to 14 somites (Vieux-Rochas et al., 2007); 
during this period, migrating cranial neural crest cells reach PA1 (Serbedzija et al., 1992). 
Nine-somite mouse embryos treated with excess RA had malformed Meckel’s cartilage 
(Vieux-Rochas et al., 2007; Gitton et al., 2010) while the cartilage developed normally 
when treated outside of this developmental time point (Vieux-Rochas et al., 2007). For 
cattle, this critical developmental window would fall around day 21 or 22 of gestation 
(Noden, 1966; Thomsen, 2003). 
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 The concentration of RA in the developing embryo is regulated in a tissue-
specific manner by opposing actions of synthesizing (Raldh) and metabolizing (Cyp26) 
enzymes (Tahayato et al., 2003). The CYP26C1 gene and its counterparts, CYP26A1 and 
CYP26B1, oxidize RA into inactive polar metabolites enabling the maintenance of the 
RA gradient across the pharyngeal arches (Williams and Bohnsack, 2019). Studies 
elucidating the expression patterns of CYP26C1 show it is expressed in PA1 during the 
critical time point for RA teratogenesis. For example, using whole-mount in situ 
hybridization, Tahayato et al. (2003) showed expression of this gene in PA1 of mouse 
embryos from E8.0 – E9.5 (approximately 1 to 30 somites). 
 There are multiple lines of evidence that alteration of CYP26C1 function results in 
developmental abnormalities.  Knockdown of CYP26C1 in zebrafish embryos resulted in 
increased RA levels associated with atypical development of the pharyngeal arches and 
otic vesicles (Montalbano et al., 2016). CYP26A1 and CYP26C1 null mice also had 
deficient development of PA1 and PA2 and altered migration of cranial neural crest cells 
(Uehara et al., 2007). The studies indicate that normal function of CYP26C1 is critical to 
avoid morphological changes in craniofacial structures. 
 We postulate that the association of the CYP26C1 missense mutation and 
abnormal development of the jaw in MD calves can be attributed to the loss of catalytic 
activity resulting in reduced ability of the enzyme to metabolize RA. The affected amino 
acid is not located in the canonical heme thiolate-binding motif (FxxGxxxCxG) that is 
characteristic of the P450 family of proteins to which CYP26C1 belongs (Slavotinek et 
al., 2013). However, proline is a helix breaker and our model supports that the L188P 
mutation results in a structural change to the α-helix (Kim and Kang, 1999). This chance 
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may affect the active site structure for substrate binding and a subsequent loss of function 
impairing metabolism of RA. Further, this amino acid residue is conserved across 
species.  Both the protein model and the evolutionary maintenance of the amino acid 
serve as further evidence the CYP26C1 L188P mutation is deleterious to protein function. 
 Reports of craniofacial deformities in cattle commonly include cleft palate or 
more severe dysplasias (Oryan et al., 2011; Sartelet et al., 2014; Agerholm et al., 2017). 
A recent report from India identified a calf with a pathology similar to MD (Kumar et 
al.). This, however, is the first comprehensive report of the novel MD phenotype in 
Herefords, which we believe is attributed to a de novo mutation in the sire common to the 
pedigree of all calves. Semen from the suspect founder genotyped heterozygous for the 
CYP26C1 SNP with no evidence of germ-line mosaicism as studied by ddPCR.  Semen 
of this bulls’ sire and both maternal grandsires were homozygous for the reference allele 
at the CYP26C1 SNP, also confirmed by ddPCR. DNA was not available from the 
(deceased) mother of the presumed founder bull, therefore origination of the variant in 
the maternal lineage of our presumed founder cannot be excluded. Even with the 
possibility of maternal origin, the bull common to all pedigrees of affected calves has 
been the primary perpetuator of the variant resulting in the manifestation of this 
phenotype. To this point, no carrier animals have been identified that do not have the 
presumed founder in their pedigree. Further, both the presumed founder and his sire 
genotyped as heterozygous for the only other remaining candidate variant (Chr26 g. 
15898152C>T). If this variant was causative, we would expect to have identified MD 
cases in decedents of the sire of the suspect founder without a pedigree connection to the 
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suspect founder himself; that has not been the case, contributing to the body of evidence 
that the variant in CYP26C1 is causative of this condition. 
 Several human conditions exhibit similar pathologies to MD calves. One hallmark 
of MD in all affected calves is the presence of skin tags located along the fusion site of 
the maxillary and mandibular prominences. Strikingly similar skin tags are observed in 
Hemifacial Microsomia patients (Chen et al., 2018). Focal facial dermal dysplasia, Type 
IV, is also characterized by skin lesions and polyps on the buccal mucosa located at the 
same fusion site (Slavotinek et al., 2013). Notably, both human syndromes are attributed 
to similar developmental pathways as implicated in MD. Focal facial dermal dysplasia is 
caused by loss of function mutations in CYP26C1  and one model of causation for 
hemifacial microsomia includes altered migration, differentiation and proliferation of 
cranial neural crest cells in PA1 (Chen et al., 2018).  
 A condition also termed Mandibulofacial Dysostosis is described in human 
literature as a heterogeneous anatomic group of disorders; the described condition in 
Hereford cattle is not analogous to human MD. The human MD condition more broadly 
affects chondrocyte and osteoblast differentiation with dysostosis most apparent in, but 
not limited to, the face (Ahmed et al., 2016). Implicated mutations in EFTUD2 in human 
MD are unrelated to CNCC migration and differentiation (Lines et al., 2012; Wieczorek, 
2013). Further, the normal facial features of humans and bovines differ dramatically with 
cattle being more dolichocephalic; thus, we do not anticipate homologous anatomic 
outcomes due to disruptions in branchial arch related processes. 
 A defining and novel characteristic of Hereford MD is the retention of Meckel’s 
cartilage past early development and shortening of the mandible. No human conditions 
 77 
have been described exhibiting this precise pathology, but similarities in a group of 
human syndromes termed “retinoic acid embryopathies” exist. These embryopathies have 
been described to result in micrognathia, cleft palate, and microtia or anotia (Lammer et 
al., 1985). One of the affected MD calves exhibited cleft palate as observed in human 
retinoic acid embryopathies. Additionally, Hemifacial Microsomia patients manifest 
hypoplasia of the mandible due to decreased blood supply to the Meckel’s cartilage 
(Wiszniak et al., 2015). 
 Finally, calves exhibited a range of severity in phenotype in the truncation of the 
lower jaw, presence of additional skin tags, and in one case the additional feature of a 
cleft palate. Variation in human syndromes affecting craniofacial development is also 
common. For example, the severity of Hemifacial Microsomia can range from moderate 
hypoplasia to complete absence of a portion of the jaw with other neural and muscular 
symptoms (Gitton et al., 2010). Similarly, in a set of infants with malformations due to 
RA exposure, 14% exhibited cleft palate (Lammer et al., 1985). We propose that 
variation in phenotype of the MD calves may be attributed to intrinsic variability in RA 
availability during development. 
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Supplement Table 1 (S1 Table). Genotyping primers and probes 
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(reference) 
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Supplement Figure 1 (S1 Figure). Pedigree of all Whole Genome Sequenced Animals 
 
 
Filled shapes represent affected calves, half-shaded shapes are carriers, and open shapes represent the reference genotype.  Animals 
for which DNA was not available at the time of Whole Genome Sequencing are shown in grey; all others (black) were genotyped for 




Figure 1. Images of calves affected with Mandibulofacial Dysostosis (MD) 
 
A. An MD calf with megastomia. Skin tags are visible ventral to the eye and at the base 
of the ear. Brachygnathia is also evident, and a slight facial bulge is seen dorsal and 
caudal to the skin tag.  B. An MD calf with skin tags; one is caudal to commissure of the 
lips and one is ventral to the base of the ear near the caudal ramus of the mandible. C. 
Exposure of the abnormal bone in an MD calf with the skin tag intact at the right margin. 
D. The skull of an MD calf showing the exposed bone fractured during autopsy and 
demonstrating origin of this abnormal bone just above the temporal mandibular joint. E. 
An image of the fractured boney prominence in an MD calf exposed the retained 
Meckel’s cartilage within the bony prominence. F. Histology evaluation of the Meckel’s 
cartilage core from an MD calf surrounded by bone and separated by fibrous tissue.   
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Table 1. Pathologic Characteristics of Mandibulofacial Dysostosis Calves 
 
Given is a list of the hallmark and variable characteristics observed in MD calves and indicators of which animals displayed each. The 
dash (-) indicates an attribute that was not examined. 
 
Pathologic Description Calf 1 Calf 2 Calf 3 Calf 4 Calf 5 
Bilateral bone-wrapped Meckel’s cartilage yes yes yes yes yes 
Bilateral skin tags 2-10 centimeters caudal to the 
commissure of the lips yes yes yes yes yes 
Skin tags near or below the external acoustic meatus - yes yes yes yes 
Pinnae that were low set and/or drooped yes yes yes yes yes 
Hypoplasia of the masseter and temporalis muscles yes yes yes yes yes 
Megastomia yes yes no no yes 
Brachgnathia inferior yes no no yes yes 
Campylognathia involving mandible and maxilla no no yes no yes 
Asymmetry of the orbits no no yes no yes 
Cleft palate yes no no no no 




Figure 2.  Pedigree of Affected Animals 
 
Pedigree of affected calves that were included in the WGS dataset and additional affected calves reported after disclosure of the MD 
defect to the breed association membership (N=10; males=rectangles, females=ovals, unknown sex=triangles).  Filled shapes represent 
affected calves, half-shaded shapes are carriers, and open shapes represent the reference genotype.  Animals for which DNA was not 




Supplement Table 2 (S2 Table). Variants in region of homozygosity in MD affected 
calves on chromosome 26 
 
 





chr26 10376787 T C rs210955452 
 
chr26 10377627 A G rs209706971 
 
chr26 10379807 C T rs378899958 
 
chr26 10382198 A T rs109097749 
 
chr26 10382642 C T rs382266037 
 
chr26 10382754 T C rs136944293 
 
chr26 10386634 T C rs133310339 
 
chr26 10390353 G A rs136544440 
 
chr26 10390433 C T rs133679469 
 
chr26 10390472 A G rs110697357 
 
chr26 10390595 G A rs132759718 
 
chr26 10390780 A G rs109715996 
 
chr26 10390858 G A rs135266051 
 
chr26 10390951 T G rs132712217 
 
chr26 10393249 TATC CATA rs133761579 rs135203078 
chr26 10393267 T C rs133045904 
 
chr26 10393346 G A rs133615020 
 
chr26 10393693 G A rs134948945 
 
chr26 10393786 G A rs109504372 
 
chr26 10394854 C T rs135353135 
 
chr26 10394947 C T rs133279700 
 
chr26 10395741 T C rs42776147 
 
chr26 10396177 G A rs110022796 
 
chr26 10396197 C T rs134654665 
 
chr26 10396356 T G rs109103681 
 
chr26 10397043 A G rs210653396 
 
chr26 10397632 CA TG rs136064809 rs132815911 
chr26 10397846 C T rs134682392 
 
chr26 10398562 C T rs137641807 
 
chr26 10398855 C T rs208019613 
 
chr26 10398943 C T rs135761829 
 
chr26 10399044 A G rs384541939 
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chr26 10399621 T G rs132694323 
 
chr26 10401952 G A rs134173247 
 
chr26 10402170 A G rs133518748 
 
chr26 10404538 T A rs110381322 
 
chr26 10404570 C T rs110445481 
 
chr26 10405263 A C rs110624917 
 
chr26 10405356 C T rs134252679 
 
chr26 10405527 C T rs109149630 
 
chr26 10405639 C A rs110412863 
 
chr26 10405660 A G rs109803403 
 
chr26 10406016 A G rs111030789 
 
chr26 10406057 CCG CTCG rs136102214 
 
chr26 10406066 C T rs136764510 
 
chr26 10406076 T A rs134764304 
 
chr26 10412655 C T rs381724703 
 
chr26 10413143 G A rs134294643 
 
chr26 10547204 G A rs209288570 
 
chr26 10549508 G A rs211153422 
 
chr26 10550523 C T rs208824523 
 








chr26 10560049 T C rs378952040 
 
chr26 10565447 C T rs209276038 
 
chr26 10577143 C T rs209276038 
 
chr26 10580678 T C rs210490933 
 
chr26 10583079 C A rs208019016 
 
chr26 10583136 T A rs210465256 
 
chr26 10583156 G C rs208095283 
 
chr26 10583356 TAATC TATC rs383612390 
 
chr26 10584897 G A rs209568780 
 
chr26 10584983 C T rs136430637 
 
chr26 10587751 A G rs209161634 
 
chr26 10588055 C A rs210043061 
 
chr26 10588068 G A rs207649025 
 
chr26 10588110 A G rs133140703 
 
chr26 10588399 TTTTT TTTTA rs461559046 
 
chr26 10588658 A G rs208982519 
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chr26 10588677 T C rs210849526 
 
chr26 10588687 C T rs211035015 
 
chr26 10588711 C T rs207742593 
 
chr26 10588792 A T rs209389241 
 
chr26 10588802 C G rs209151405 
 
chr26 10589465 C T rs209814244 
 
chr26 10589647 C T rs209504774 
 
chr26 10589656 C T rs211324469 
 
chr26 10589716 G T rs208084472 
 
chr26 10590013 A G rs211458518 
 
chr26 10590264 G C rs208996657 
 
chr26 10590411 TCCCTG TCCCCTG rs443287848 
 
chr26 10590502 T G rs384953353 
 
chr26 10590509 T C rs379374948 
 
chr26 10590791 TT CA rs207829503 rs382701105 
chr26 10591506 C T rs208898144 
 
chr26 10591521 A G rs135070334 
 
chr26 10593024 T C rs208108268 
 
chr26 10593367 T A rs209511448 
 
chr26 10594300 T C rs211633714 
 
chr26 10594730 T C rs377983575 
 
chr26 10595930 G C rs211667365 
 
chr26 10597618 G A rs208962457 
 
chr26 10597694 G A rs383414419 
 
chr26 10597723 T C rs378769066 
 
chr26 10597811 A G rs381113509 
 
chr26 10597925 A G rs384994123 
 
chr26 10598282 T C rs378593721 
 
chr26 10598384 CA AG rs384789949 rs378857720 
chr26 10598446 C T rs797719515 
 
chr26 10598585 G T rs382397051 
 
chr26 10598631 G T rs384464525 
 
chr26 10598678 A G rs379876101 
 
chr26 10598770 GCT CCA rs382853026 rs457467257 
chr26 10598974 C T rs382141898 
 
chr26 10599149 C T rs209389741 
 
chr26 10599474 G A rs209885360 
 
chr26 10600597 C A rs210442194 
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chr26 10601002 T C rs380267862 
 
chr26 10601008 G A rs211009517 
 
chr26 10601060 TG CA rs386102929 rs380672529 
chr26 10601117 G A rs211329313 
 
chr26 10616433 C T - 
 
chr26 10653007 A T rs385112219 
 
chr26 10685280 C T rs110633870 
 
chr26 10713132 G A rs383233592 
 
chr26 10956261 A G rs136478478 
 
chr26 10956439 C T rs109489086 
 
chr26 10959863 G A rs42087142 
 
chr26 10960055 G A rs42087145 
 
chr26 10960104 C T rs42087146 
 
chr26 10961328 TAATT TATT rs449279135 
 
chr26 10962811 C T rs42087154 
 
chr26 10964731 C T rs42087164 
 
chr26 10964813 CGGC TGGC rs209806893 
 
chr26 10964972 C A rs42087166 
 
chr26 10965393 G A rs208894229 
 






chr26 10967597 T C rs42087178 
 
chr26 10968136 C T rs42087179 
 








chr26 14404993 T C - 
 





Table 2. Candidate variants identified with WGS data 
 
Candidate variants identified from whole genome sequence data of 3 affected calves, 10 obligate carriers, and 7 related individuals, 
further filtered using WGS data from 4,997 additional animals from other laboratory projects, the American Hereford Association, and 
public databases. The missense variant (bold) is located in CYP26C1 and is predicted to be deleterious to gene or protein function. 
 
Chromosome Position Reference Alternative Variant effect predictor consequence rs Identifier 
7 15413 CAACT TAACT Intergenic variant - 
26 10588399 TTTTT TTTTA Intron variant rs461559046 
26 10616433 C T Downstream gene variant - 
26 10713132 G A Downstream gene variant - 
26 10794674 G A Intergenic variant - 
26 10982292 TGAGAGAGGAT TGAGAGGAT Intron variant - 
26 14404993 T C Missense variant (p.L188P; SIFT=0, 
deleterious) 
- 




Table 3. Genotyping of the variant Chr26 g.14404993T>C 
 
Given is the count of individuals by classification for each genotype. All animals with the CC genotype were affected with MD. All 
parents of affected MD calves had a TC genotype. 
 
Reporting Herd 1 TT TC CC Total Animals 
    Founder in either maternal or paternal pedigree 95  50 0 145 
    Founder in both maternal and paternal pedigree 2  5  2  9 
    No ties to founder 91 0 0 91 
                                                 Total Herd 1 188 55 2 245 
Reporting Herd 2     
    Founder in either maternal or paternal pedigree 114 35 0 149 
    Founder in both maternal and paternal pedigree 4  5  1  10 
    No ties to founder 239 0 0 239 
                                                 Total Herd 2 357 40 1 398 
Other      
    Founder in either maternal or paternal pedigree 13 20 0 33 
    Founder in both maternal and paternal pedigree 48  37  2 87 
    No ties to founder 18 0 0 18 
    Animal is founder 0 1 0 1 
                                 Total Other Genotypes 79 58 2 139 
                          Total Animals Genotyped 624 153 5 782 
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Table 4. CYP26C1 Genotyping (Chr26 g.14404993T>C) by source 
* Samples detailed in Table 3 
CYP26C1 Genotype Source Animals Genotyped 
WGS animals for this project * 20 
Hereford cattle genotyped for this project * 762 
Other WGS variant data generated in our lab 101 
1000 bulls (Daetwyler et al., 2014) and American 
Hereford Association (WGS) 
1705 
Sequence Read Archive 783 




Supplement Table 3 (S3 Table). Droplet Digital PCR Proportion of Variant Alleles 
 
Sample Proportion of 
Variant Alleles 
St Dev 
Reference Control 0.0009 0.0007 
Variant Control 0.9984 0.0009 
Heterozygous Control 0.4937 0.0026 
Suspect Founder 0.5027 0.0127 
Sire of Suspect Founder 0.0006 0.0003 
Maternal Grandsire of Suspect Founder 0.0006 0.0009 




Figure 3. Conservation of the CYP26C1 protein across species  
 
Shown is a portion of the CYP26C1 protein (amino acids 151 to 200 of 523 in the ARS-UCD1.2 reference assembly). Amino acid 188 




Figure 4. Structural modeling of cytochrome CYP26C1 
 
A. Three-dimensional structural model of CYP26C1 (B. taurus) showing the heme in red 
ball, all trans-retinoic acid (atRA) in green stick and the L188P mutation in magenta 
stick. B. The active site focused structure. C. The secondary structure prediction of the 
wild-type L188 segment (positions 179–200). D. The secondary structure prediction 
of the 179–200 segment with the L188P mutation. In (C, D), the red bars (jnetpred) 
indicate the predicted position of a helix, which is broken in the presence of the L188P 
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